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ABSTRACT. 
An attempt has been made to see whether there i s a 
basic charge separation process which operates between ice and 
water when they are moving r e l a t i v e to one another. Measurements 
have also been made on the potential differences produced between 
ice and. water under a var i e t y of different conditions and the 
ef f e c t on the potential differences of having a i r bubbles within 
the ice/water interface has been studied. 
Apparatus i s described for the measurement of the el e c -
t r i c a l e f f e c t s on freezing and melting bulk samples of water. No 
evidence has been found f o r a charge separation process which 
operates only when water moves r e l a t i v e to ice at the freezing 
point. However, the results show that at freezing rates of 
10 ytm s"'' and above that the mechanism proposed by Workman 
and Reynolds (1950) i s responsible for the majority of the net 
charge separated, whereas, at very low freezing rates or on 
melting, the Temperature Gradient Mechanism, proposed by Latham 
ajid Mason( 1961) predominates. 
The relevance of the e l e c t r i f i c a t i o n of ice and water 
to the or i g i n of e l e c t r i c a l charges i n clouds i s discussed, and 
explanations of the r e s u l t s of e a r l i e r work on simulations of 
conditions i n clouds are put forward, i n the l i g h t of the 
r e s u l t s obtained during the experiments with bulk water samples. 
FOREWORD. 
The S.I, system of units ha,3 been used exclusively 
i n the experimental woiic described i n t h i s t h e s i s . Occasion-
a l l y , other miits have been used, for example, i n the discussion 
of the structure of ice and water, but only where comparisons 
are being made between two values of a parameter i n the same units. 
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CHAPTER I„ 
IHTRODUCTION 
lo 1. The Nature of the Problem. 
E l e c t r i c a l a c t i v i t y i n thunderclouds seems to arise as soon as the 
ice phase i s detected and h a i l often accompanies thunderstorms. The 
sign of the charge on f a l l i n g snow and, according to Bent and Hutchinson 
(1965) on l y i n g snow, changes when melting occurs. 
I n endeavouring to reconcile the widely differing laboratory results 
of Reynolds, Brook and Gourley (1957) and Latham and Mason (I96I B) on the 
e l e c t r i f i c a t i o n of h a i l , Chtarch (1966) detected a separation of e l e c t r i c 
charge when a simulated hailstone moving at terminal velocity i n a i r was 
struck by uncharged water droplets which shattered on impact leaving a 
glassy surface on the hailstone and producing several smaller droplets. 
I n generalp the simulated hailstone became negatively charged on encoun-
tering droplets whose temperatures were below +2 °C and pos i t i v e l y charged 
on encountering droplets whose temperatures were above +2 °G, He found 
that the charge separated was a maximum for droplets at -3 "c. 
Bent and Hutchinson (1965) investigated the e l e c t r i c space charge 
density at heights of 1 m and 2 m over lyi n g snow and found an unusual 
e f f e c t on rapid melting of a snow surface over which a wind was blowing 
with v e l o c i t y 7 to 14 m s~^. The space charge density at 2 m was +6.3 pC 
m '"^  and at 1 m was -9o4 pC m~^ . Normally the upper collector registered 
the same sign of e l e c t r i c chcirge as the lower oollector. 
These r e s u l t s may, perhaps, be explained i n terms of either a charge 
separation mechanism which operates when l i q u i d water moves r e l a t i v e l y 
to i c e or some modification of recognised charge separation precesses 
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caused by motion of the water. I t i s the purpose of the present work 
to investigate these p o s s i b i l i t i e s . 
I , 2. The Thunderstorm. 
The e l e c t r i c charge separation processes i n thunderclouds are more 
ef f e c t i v e than i n other types of cloud. Many of the laboratory exper-
iments on charge separation processes have attempted to simulate con-
ditions i n clouds and, i n order to compare the r e s u l t s of the laboratory 
experiments with measurements made on natural clouds, i t i s necessary to 
have some idea of the prevail i n g conditions. Since there i s a wide 
v a r i a t i o n i n the c h a r a c t e r i s t i c s of, and conditions within,thunderstorms, 
great care should be exercised i n applying r e s u l t s obtained during one 
p a r t i c u l a r storm to thunderstorms i n general. 
The most intensive study of cumulonimbxxs clouds which developed 
into thunderstorms was that of Braham and Byers (1949). Using both radar 
and a i r c r a f t measurements, they showed that a cumulonimbus cloud consists 
of one or more l o c a l i s e d regions of pronounced pr e c i p i t a t i o n , v e r t i c a l 
wind v e l o c i t y and e l e c t r i c a l a c t i v i t y . These active regions or c e l l s v a r i e d 
i n s i z e from 0 ,5 km to 10 km i n horizontal extent, although Kuettner (1950) 
has proposed the existence of sub-cells which may be only of the order of 
100 m diameter. According to Byers and Braham the c e l l s go through three 
stages of evolution, 
( i ) A cumxilus phase, with updraughts throu^out. 
( i i ) A mature phase, when a strong updraught i s surrounded by a 
region of down-draughts and there i s intense p r e c i p i t a t i o n and e l e c t r i c a l 
a c t i v i t y . 
( i i i ) A dissipating stage, when the down-draught spreads throu^out 
the entire c e l l . 
Workman and Holzer (1942) reported that the updraught sometimes displays 
a pulse-like nature and may have a veloc i t y of iq) to 50 m s \ although 
10 m 3 ^ i s s a i d to be more t y p i c a l . 
H a i l may f a l l from regions of the c e l l where the updraught i s too 
weak to support i t and may reach the ground either as h a i l or r a i n . 
Usually, the h a i l i s i n the form of rounded or conical shapes of frem 
4 to 6 mm across, although very large hailstones do occur, p a r t i c u l a r l y 
i n association with very active thunderclouds. Rates of precipitation 
of h a i l of up to 5 cni hr ^ have been reported. During the l a t e r stages 
of the storm, the h a i l may give way to snow, 
Most> thunderclouds are characterised by t h e i r great v e r t i c a l depth, 
which may be up to 10 km and the wide temperature range which this must 
nec e s s a r i l y involve. The bases are normally warmer than 0 °C and the 
tops may extend beyond the - 40°C isotherm. Often the cloud top consists 
of an anvil-shaped mass of i c e crystals but Moore (1965) has reported 
light»ning a c t i v i t y from clouds having different physical dimensions and 
appearances from t h i s picture and whose tops were said to be warmer than 
0°C. 
Many models have been proposed f o r the distribution of charges 
within a thtindercloud, Wilson (1925) showed that the cloud may be 
regarded as a simple dipole with the positive pole uppermost, provided 
that i t i s observed frem a horizontal distance much greater than the 
height of the cloud and the separation of the charges, Simpson and 
Robinson's r e s u l t s (1940) also suggested that the cloud i s usually of 
positive p o l a r i t y but they found some evidence for a region of positive 
charge i n the base. The exact location of the positive charge i s said. 
4, 
by Williams ( 1 9 5 8 ) , to be i n the updraught of the front of the cloud and 
close to the sharp boundary of the front of the p r e c i p i t a t i o n zone, 
occupying a width of the order of 1 km i n the d i r e c t i o n of motion of the 
cloud. 
The precise locations of the main upper positive and lower negative 
centres of charge are not known. Malan and Schonland ( 1 9 5 1) used f i v e 
different methods to show that successive lightening strokes come from 
charge centres l y i n g at increasing heights, probably i n the same v e r t i c a l 
colxann but Brook ( 1 9 6 9 ) states tfeat the evidence f o r a v e r t i c a l d i s t r i b -
ution of charge centres i s not conclusive and that there i s some evidence 
to suggest that the position of the charge centres depends on the d i r e c -
t i o n of motion of the cloud and the angle of the main up- and down-draughts 
to the v e r t i c a l . Browning ( 1 9 6 8 ) has shown that the up- and down-draughts 
are often not v e r t i c a l and may be at different i n c l i n a t i o n s to each other. 
However, i t i s generally true that the positive charge centre l i e s at a 
higher a l t i t u d e than the negative, (See Table 1 . 1 ) 
1 . 3 . Theories of Thunderstorm E l e c t r i f i c a t i o n , 
Many theories of thunderstorm e l e c t r i f i c a t i o n have been proposed. 
They may be divided into three main classes according to the way i n which 
the charges are separated. 
( i ) C l a s s i c a l ! i n which the charge i s separated by the i n t e r -
action of i n i t i a l l y neutral cloud p a r t i c l e s , 
( i i ) Influence? i n which the positive and negative charges are 
avail a b l e as atmospheric ions, 
( i i i ) Convection; i n which the oirigin of the charges i s outside 
the cloud. 
SIMPSON 
& 
ROBINSON 
(1940) 
G I S H , 
& 
WAIT 
(1950.) • 
M A L A N 
(1952) . 
change height charge height charge height 
U P P E R 
C H A R G E . 
+24C 6 klTl 
. 
+39C 
/ 
-9-5km •40C 10 km 
C H A R G E 
C E N T R E 
-20C 3 km -39C -5km -40C 5 km 
L O W E R . 
4-
C H A R G E . 
+4C 1-5Km AOC 2 Km 
TABLE 1.1. Charge Distribution In 
Thunderclouds. 
Theories have also been proposed which are combinations of these mechan-
isms. 
The v i a b i l i t y of many of these theories depends on whether the e l e c -
t r i f i c a t i o n i s caused by precipitation. I n observations on twelve thunder-
storms ^  Worfaaan and Reynolds ( 1 9 4 9 ) observed that radar returns indicating 
the presence of large p a r t i c l e s within the cloud occurred several minutes 
before pr e c i p i t a t i o n was v i s i b l e or e l e c t r i c a l a c t i v i t y was evident. They 
also noted that the top of the "radar cloud" descended at about the time 
e l e c t r i c a l a c t i v i t y , i , e , lightning discharges, began. However, Moore 
( l 9 6 5 A & B ) J, while agreeing that a radar echo can always be detected i n 
clouds before the occurrence of lightning, states that the strength of the 
echo indicates that precipitation i s only present with equivalent inten-
s i t i e s of, t y p i c a l l y , 1 to 3 nm hr"^ i n stagnant a i r . Since the r a i n echo 
strength increases a hundred- or a thousand-fold within 1 0 to 2 0 s after 
the lightning discharge, he i n f e r s that l i ^ t n i n g i s the cause rather 
than the result of the intense precipitation. This i s obviously an issue 
which w i l l not be f i n a l l y s e t t l e d without many more investigations. 
Chalmers (I 9 6 5 ) states that i f i t i s accepted that precipitation 
plays a necessary part i n the preoess of separation of the main charges 
i n the thundercloud, any theory to account for t h i s must s a t i s f y certain 
conditions. 
( i ) The process must give a positive upper and a negative 
lower charge. 
( i i ) The precess must give a rate of sepeiration of charge of vq? 
to several amperes, 
( i i i ) The process must operate at temperatures below the freezing 
point. 
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( iv) The process must be connected with precipitation in 
the sol id form, 
(v) I f the same process operates i n nimbo-status clouds, i t 
must do so much less effect ively thsin i n cumulo-nimbus clouds. 
Prom these requirements and from the need for any process sugg-
ested to f i t i n with existing knowledge of cloud phenomena, including 
the in i t ia t ion of precipitation, certain general results can be deduced. 
I n the gravitationsQ. separation i n space, for the heavier psirticles, 
which must carry down negative charge, requirement ( iv) suggests that 
these must be sol id precipitation part ic les . The l ighter particles , 
carrying a positive charge, must move upwards in the r is ing a i r of the 
stonn and might be ions i n the a i r , or cloud droplets, or fragments of 
water or ice smaller than the precipitation part ic les . 
I n order to account for (v) above, i t i s necessary to postulate 
some property of the cloud, important i n charge separation, that dif fers 
between cumulo-nimbus and nimbo-stratus clouds. 
The following i s a l i s t of the names of those who have 
proposed theories of cloud e lectr i f icat ion during this century. 
1905 Gerdien Rossmaji 
1909 S impson Workman tS; Reynolds 
1913 E l s t e r & Geitel 19W Wall 
1929 Wilson 1955 Vonnegut 
1935 Gunn 1956 Wilson 
1957 Simpson & Serase 1957 Reynolds,Brook & Gourley 
1940 Findeisen 1961 Latham & Mason 
1 9 ^ Prenkel 1961 Sartor 
1 Sk'S Dinger & Gruiin 1963 Magono & Takahashi 
1947 arenet I 9 6 5 . Reiter„ 
A brief outline of some of these theories involving the presence 
of both ice and water i s set out helowo 
I» 3(a)" Dinner and G-unna 1 
I n experiments on the e lectri f icat ion of water and ice on 
freezing and melting. Dinger and G-unn reported a charge separation of 
4o2 X 10"^^ C g°°^  of ice melted with the water hecoming positive and 
the released a i r bubbles becoming negatively chargedo This rate of charge 
separation may be suff ic ient ly large to explain electric f ields as great 
as those commonly encountered i n thunderstorms but the polarity i s of the 
wrong sign to explain the origin of the main thunderstoim dipoLe. However, 
i t has been suggested that the charge acquired by melting hai l contributes 
to the lower positive charge in thunderclouds. 
I 6 5(b) . Workman and Reynolds0 1948o 
Costa Ribier© (1945) discovered that large potential differences 
wer® set up between ice and water on freezing dilute aqueous solutions. 
Workman and Reynolds ( I 9 4 8 - 5 0 ) also studied the effect and applied their 
results to e lectr i f icat ion of clouds. They envisaged that an ice crystal , 
formed by sublimation near the top of the cloud, would f a l l and encounter 
supercooled droplets at a suff ic ient ly low temperature to form a rime 
ice-pellet or gra\q)elo Growth by this process would continue until a 
leve l of about - 10°C or - 15°C was reached, where glaze ice would form 
upon the pel let . I t would grow by this process and i t s rate of f a l l 
would increase relative to the suspended, or perhaps ascending, super-
cooled waterdrops. I n the region of about -10°C, i f conditions were 
favourable, these drops should impinge upon the cold, glazed pel let , and 
a portion of the water should freeze to i t s surface i n a thin layer. 
The remaining portion of the water, because of splash effects and the 
velocity of the h a i l pellet relative to a i r , would become detached in 
smaill drops carrying positive charges which would be transported into the 
cloud above. Eventually the degree of supercooling of the impinging 
droplets would decrease to the extent that the hailstone would cease i t s 
growth and start melting, whereupon i t should share i t s negative charge 
with the in5)inging droplets and ultimately the charge would be reduced 
toward zero. The negatively charged droplets would then encounter more 
hailstones and the ir previously acquired negative cheo-ge should make i t 
possible for the new h a i l pellets to acquire s t i l l bigger charges auad so 
on. This theory, therefore, predicts that the cloud w i l l have positive 
polarity, that the negative charge centre w i l l remain at about a constant 
h e i ^ t and i t requires that the cloud must extend below the 0 °C isotherm. 
However, laboratory experiments by Reynolds et a l (1957) and 
Latham and Mason (1961 B ) have fa i l ed to confirm that suff icient charge 
can be separated by coll isions between a wet, simulated hailstone and 
suj«rcoGled water droplets but Church (l966) observed that a rotating, 
iced probe became negatively charged on encountering droplets whose 
temperature was below + 2°C and positively charged on encountering drop-
le ts whose temperature was above + 2°C. He also noted that the amount 
of charge separated on these occasions was not s ignif icantly affected 
by heating the probe with an infra-red lampo This theory and these results 
w i l l be discussed more fu l ly at a later stage. 
I . 3 ( 0 ) . The theoiy of Reynolds. Brook and Gourley. 1957. 
From their laboratory measurements, Re3naolds et a l o ( l 9 5 7 ) 
estimated that when ice crystals collided with hailstones i a the presence 
of water droplets, the mean charge separated by a rebounding ice crystsil 
was O0I7 pC leaving the hailstone negatively charged. Applying this 
result to a model thundercloud containing a l iquid water content of 
1 g m"^  and a crystal concentration of 1(A m"-5, they showed that ha i l 
in concentrations of 10 g m" ,^ fa l l ing at 10 m s"^  relative to the ice 
crystals , was capable of producing a 20 C discharge in a ce l l 1 km un 
diameter in about 14 minuteso I n a thundercloud of volume 50 km'^ , 
suff ic ient charge would bis separated to account for the repetition of 
l i ^ t n i n g disch£a*ges. 
Latham and Mason (1961 B ) performed similar experiments and 
concluded that the e lectr i f icat ion of hailstones by ice crystals was 
five orders of magnitude less than the results of Reynolds et a l . , 
c learly indicating that the mechanism was insufficient to explaim 
thunderstorm electrificationo Church (1966) found a charge separation 
between these two values which was two orders of magnitude less than the 
results of Reynolds et a l . . These results could not be quamtatively 
explained in terms of the "Temperature Gradient Theory" (Latham and 
Mason 1961 A) althou^ the sign of the charge separation was as predic-
ted by this theoryo Church states that any attempt to produce closer 
correspondence with the results of Reynolds et a l . would be based on 
speculation. Clearly, further work is required in this directiono 
10 . 
I , 3(d) .The Theory of Latham and Mason. 1961. 
Latham and Mason (1961 B ) investigated the charge separated 
by the shattering of supercooled water droplets on hailstones. They 
concluded that the electjrif ication of the average thundercloud could 
be explained by the splintering of droplets with diameters in the range 
OoCUj. mm to 0.1 mm on hailstones. They estimated that charge would be 
segregated at a rate of 1 C km"-^  min,"''. However, this rate of charge 
separation may only be 1% of that found in violent thunderstorms and 
this has not been sat i s factor i ly explained, 
I , 3(e)o Reiter's theory. 1965. 
A subsidiary charge separation mechanism was proposed by Reiter 
( 1 9 6 5 ) , I t i s claimed that a charge separation of 15 C km"^  min"'' w i l l 
result , 
Reiter showed that appreciable quantities of nitrate ions are 
produced i n clouds by s i lent e l ec tr i ca l discharges and that the greater 
the degree of atmospheric ins tabi l i ty , the greater the number of ions 
produced. Laboratory experiments showed that when ice part ic les , grown 
by sublimation, broke away from a cold plate they carried 10 to 50 times 
more charge when they had been grown i « an atmosphere coataiJting nitrous 
gases than when they had been grown in ordinary a i r . He applied these 
results to thunderclouds and suggested that some atmospheric feedback 
process was operating in which the charge separation mechanism was the 
fragmentation of crystal dendrites, needles and splinters from the 
surface of hailstones in a nitrous atmosphere. He believed that these 
charged particles could be separated i n a way which would increase both 
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the f i e l d and the nitrate ion concentration, leading to an increase 
in the charge separated on fraigmentation. 
Many of the questions posed by this theory remain unanswered. 
The degree of fragmentation of ice particles in thunderclouds i s unknown. 
No inhibiting process preventing charge build-up in other forms of clouds 
up to the point where discharges occur has been proposed and no explan-
ation i s given of how the charges are segregated so as to enhance the 
f i e l d . 
• These few examples i l lustrate the wide divergency of approach 
to the problems of thundercloud electri f icat ion and the di f f icul t ies 
which must be overcome in proposing a viable theory. 
I . 4 . The E lec tr i f i ca t ion of Non-stormy Clouds. 
The study of the e lectr ica l effects of non-stormy clouds hsis been 
somewhat neglected compared with the study of the more intense effects in 
thunde rclouds. 
I . 4 ( a ) . The nimbo-stratus cloud 
I n the absence of any measurements with airborne instruments, 
such as the alti-electrograph, in nimbo-stratus clouds, the only inform-
ation available i s that which has been obtained from currents and poten-
t i a l gradients at the earth's surface. Chalmers (1965)* assuming a 
quasi-static state during continuous, steady precipitation when the total 
vert ica l current density would be the same at a l l levels, states that 
there must be a negative current downwards so that the conduction current 
above the cloud brings down negative charge. Therefore, the potential of 
the top of the cloud must be above that of the electrosphere, i . e . 
greater than + 2.9 x 105 V with respect to earth. 
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Measurements at the ground indicate that the polarity of a 
nimbo-stratus snow cloud i s the same as that of the main charges in a 
thundercloud. 
I n the nimbo-stratus rain cloud there appear to be two processes 
at work. I t is reasonable to suppose, in view of the great vert ical 
depth of these clouds, that, in the main, the raindrops fa l l ing from 
these clouds w i l l have been in the sol id state for part of their prev-
ious history. I t i s f a i r l y certain, therefore, that there occurs within 
the cloud the same process as for the snow cloud. Since results show 
that i n the rain cloud the total charge separation i s usually in the 
opposite direction to the snow cloud, there must be some other process 
of charge separation giving negative above and positive below, Chalsaers 
(1965) points out that since we know that there must be two processes 
operating in thunderclouds to produce the main dipole and the lower 
positive charge ajid since, in both cases, the direction of the separa-
tion of charge i s the same, i t is very tei^ting to suggest that the 
same processes are at work, on a different scale of intensity, in both 
types of cloud, 
l o 4 ( b ) . Trade-wind cumulus clouds. 
Fitzgerald (1956) and Fitzgerald and Bysrs (1958) investigated 
the e l ec tr i ca l structure of small cumulus clouds. Their results shewed 
that these clouds had an excess negative charge of 10"-^  G with indic-
ations of a positive diarge i n the upper part of the clouds when no ice 
was present. The negative charge was centred ©n regions of high l iquid 
water content. As soon as so l id precipitation was observed, a positive 
charge appeared of greater magnitude than the negative charge i n a l l -
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water clouds. 
I . 4 ( c ) . Minor shower clouds. 
Tamura (1956) investigated clouds of dimensions of the order of 
2 to 3 km which gave potential gradients in the range 1 2 kV m" .^ In 
seven out of ten cases the polarity of the clouds was negative so that 
the separation of charge i s in the opposite direction to that in the 
typical thunderstorm. Usually the showers were mainly of snow and were 
caused by convection. 
I . 4(d) . Other cloud studies, 
Several workers have investigated the charges on cloud 
particles i n non-precipitating clouds. I n general i t appears that the 
larger droplets have positive charges and smaller droplets have negative 
charges. Where ice i s present, i t i s usually negatively charged. (See 
Chalmers (1965) Section 13. 8.) 
CHAPTER I I . 
THE STRUCTURE OF ICE AND WATER. 
I n order to understand the processes by which charge i s sep-
arated i n ice and water, i t i s necessary to have some knowledge of the 
structure. Ice i s dealt with f i r s t , as i t s structure i s the more fund-
amental and the better characterised, 
I I . 1 . The Structure of I c e . 
Ice may exist in many crystal l ine foras which are produced either 
by high pressures or low temperatures. (See F i g . I I . 1 . ) The diagram 
shows that the only stable form i n conditions which usually prevail i n the 
atmosphere i s the hexagonal Ice I . 
Within this structure, each oxygen atom i s surrounded by four 
hydrogen atoms i n a tetrahedral arrangement, (See F i g . I I . 2 . ) . Bemal 
and Fowler (l933) proposed three "rules" governing the structure, 
( i ) The hydrogen atoms l i e at equilibrium positions along 
l ines joining neighbouring oxygen atoms, 
( i i ) There i s only one hydrogen atom on each such linkage, 
forming a "hydrogen-bond". 
( i i i ) Each oxygen atom heis two near hydrogen atom neighbours, 
thus preserving the structure of the water molecule. 
The "hydrogen-bond" in ice has a free-energy of formation 
which i s about one tenth of the energies of formation of normal co-
valent or ionic bonds. Pauling (l949) considered a simplified model 
0 = H — 0 , and disregarded a l l other electrons except two for the bond 
0 - H and two for a "lone-pair", i . e . a non-bonding pair of electron^, on 
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the other oxygen atom. He anticipated that the following structures 
are l ike ly to contribute to some extent. 
0 - H :0 Structure ( l ) (electrostatic 
interaxjtion,) 
0" H"^  :0 Structure (2) ( " ) 
0" jj 0 _ Structure (3) (ceralent 
resonance,) 
(The energy necessary for the production of divalent hydrogen is far 
too high for i t to contribute in any way to the true structure,) 
Goulson and Danielsson (l954) have considered the free-energy 
of each structure and from a knowledge of the 0 - H and H — 0 distances 
have deduced that Structure ( l ) contributes 65^ -0, Structure (2) contributes 
31^ 0 and Structure (3) contributes l^o to the equilibrium configuration of 
0 =. H 0. Coulson (1961) derived a theoretical dissociation energy for 
ice from this model and obtained a value of 8.6 k c a l , mole"^. (The 
experimental value i s 6.1 k c a l . mole"''.) He says i t i s perfectly clear 
that in th is particular case no completely satisfactory account of the 
nature of the bond can be given without including several factors not 
normally requiring consideration in the ejqjlanation of the structure of 
conventional bonds. Nevertheless, the good qualitative agreement shows 
that the concept of an electrostatic "hydrogen-bond" in ice i s acceptable. 
Pauling (1935) pointed out that an ordered arrangement of the 
hydrogen atoms according to the Bemal and Fowler Rules would be incon-
sistent with the f in i te zero point entropy vidiich had been observed by 
Giauque and Ashley (1933). However, i f the hydrogen atoms were free to 
move between two different equilibrium positions along the lines Joining 
oxygen atoms and spent half of their time in each position, the entropy 
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introduced into the nuodel would correspond well with the zero point 
entropy found in practice, (See Pauling (196O),) Pauling's model (see 
F i g . I I . 3 . ) i s well supported by data from X-ray and neutron diffraction 
0 
studies, which give oxygen - oxygen inter-atomic distances of 2.76 A and 
oxygen-hydrogen inter-atomic distances of about 1 S along l ines Joining the 
oxygen atoms, 
I I . 2. The Structure of Water. 
The structure of water has presented much more of a problem. 
Water has an extremely h i ^ boiling point when compared with i t s homo-
logues, hydrogen sulphide, H2S, hydrogen selenide, H2Se, and hydrogen 
teluride, H2Te, a l l of whidi are gases at room temperature. Clearly , 
therefore, the molecules must be highly associated i n water but not in 
H2S, H2Se or HaTe. One way in which molecules containing a very elec-
tronegative atom plus hydrogen atoms can become associated i s by means 
of hydrogen-bonding. Hydrogen-bonding also occurs in hydrogen chloride 
and hydrogen fluoride and i t i s reasonable to assume water molecules are 
associated by this means. However, only a s t a t i s t i c a l proportion of the 
molecules w i l l be associated at any one time, 
Bemal and Fowler (l933) suggested that, between 4®C and 200^0 water 
has a tetrahedrally hydrogen-bonded structure with a lat t ice similar to 
that of quartz, while below 4°C, the structure is s imilar to the tridymite 
form of s i l i c a . Pauling proposed a pentagonal dodecahedral structure in 
which hydrogen-bonding i s of prime importance. Van Panthaleon van Eck 
et a l . (1958) have suggested that the arrangement of molecules involves, 
essential ly, a s ix- fo ld co-ordination of water molecules with four short 
OH —— 0 hydrogen-bonds of the order of 2.9 S length and two long 0 0 
F i g . I I . 3 . T h e arrangement of molecules in the ice crystal. The orientation of 
the water molecules as represented in the drawing is arbitrary; there is one proton 
along each oxygen-oxygen axis, closer to one or the other of the two oxygen atoms. 
[Linos Pauling, The Nature of the Chemical Bond, Cornell University Press, 1960] 
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contacts of about 3.6 S length. An ice-l ike structure might also 
contribute to some extent to the ordered portion of the l iquid. However, 
Frank (l958) postulates that bonded, f l ickering clusters of ice-l ike 
material are surrounded by, and alternate roles with, disordered f lu id , 
which makes up the rest of the sample. 
Experiments have been described by Walrafen (1968) of Raman 
studies using an argon-io^ laser on solutions of HDO in H2O, His 
results indicated that the two-state mixture model inrolring "flickering 
clusters" was most l ike ly to be correct. The addition of dimethyl su l -
phoxide to the solution appeared to increase the proportion of clusters, 
whereas increasing temperature and pressure, which encourages "structure 
tl?eak-up", appeared to reduce the proportion of clusters. 
Yet another model is due to Pople (l95l)o He proposed that there 
might be a distribution of bond energies whidi i s said by Wall and Homig 
(1965) to give better agreement with infra-red data. This has led Perram 
and Levine (1968) to believe that the effects of hydrogen-bonding in the 
phase behaviour of water are restricted only to the elevation of the 
transit ion temperatures and to the increase of latent heat relative to 
normal l iquids. 
One thing which i s agreed by most authorities is that the degree 
of order within l iquid water i s determined by a s ta t i s t i ca l process 
which i s dependent on temperature, increasing with decreasing temperature, 
I I . 3 . Charge Transport in Water, 
Since there are no free electrons in water, i t s e lectr ical 
conductivity must be e:^lained i n terms of ions. 
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Water i s said to dissociate aooording to the equation: 
2H2O =^ :^ H,0'^ + OH' 
although this i s an over-simplification since both these ions are 
highly solvated by neutral water molecules. The mobilities of these 
ions at 25°C have been caleulated to be: 
H^O"^, 36.2x10"^ m s''' per V m""" 
O H ' J, 19c8 X 10°^ m s""* per V m""\ 
which are much h i ^ e r than those of other univalent ions i n water, e,g» 
L i * J, 3«0 X 10"^ m s""" p e r V m""* 
Gl" , 7o9 X 10'^ m per V m"'' 
and this discrepancy cannot be explained by differences i n the degree of 
solvation of the ions. The existence of some special charge transport 
mechanism is indicated, Heuckel (1928) suggested that a proton could 
jump from molecule to molecule, a mechanism which i s s t i l l considered 
to explain sat i s factor i ly the conductivity of water. (See Pig. 11,4). 
Eigen and De Maeyer (1958) considered the two poss ibi l i t ies 
proposed by Gierer and Wirtz (I949) that either 
( i ) the proton jump within the hydrogen-bond i s rat© 
determining; or, 
( i i ) the proton passes quickly through a chain of bonds at 
the end of which i t has to wait unt i l a new hydrogen-bond i s formed, 
and therefor©,the formation of hydrogen-bonds i s rate determining. 
I n the l ight of a l l the available experimental evidence, they came 
to the conclusion that the rate of formation of hydrogen-bonds i s the 
rate-determining step in the transport of charge in water. 
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I I o 4 . Charge Transpor t i n I c e . 
The e l e c t r i o a l c o n d u c t i v i t y o f i c e has been measured by severa l 
workers , e . g „ Siksna ( 1 9 5 7 ) , Brad ley ( 1 9 5 9 ) , and shows a Hiarked temper-
a ture dependence. According to Brad ley ( 1 9 5 9 ) the c o n d u c t i v i t y i s 
g i v e n by 2 3 4 0 . exp ( - 1 2 3 O O / R T ) t f L " ' ' m " \ where R i s the gas constant 
and T i s the absolute t e i ^ j e r a t u r e . The absolute values f o r the spec-
i f i c c o n d u c t i v i t y depend t o a l a rge ex ten t on the iH5)urities w i t h i n 
the sa*?)le as these govern the number of' ions and defecjts present i n 
the i c e s t r u c t u r e . However, i n genera l there axe f ewer ions pe r u n i t 
volume i n i c e than i n wate r . 
Decrcily e t a l . ( 1 9 5 7 ) have shown t h a t the s t a t i e c o n d u c t i v i t y 
o f i c e i s p u r e l y i o n i c and Graenicher ( 1 9 5 8 ) p o i n t s out t h a t the con-
d u c t i v i t y can be exp la ined i f i o n i s e d s ta tes e x i s t i n the l a t t i c e . But 
s ince the d i r e c t cu r r en t c o n d u c t i v i t y does not va ry w i t h t i m e , even when 
s u f f i c i e n t t ime should have elapsed f o r a l l the o r i g i n a l i on - s t a t e s t o 
be removed, i t can be seen t h a t the existence o f i on - s t a t e s alone cannot 
adequately e x p l a i n the c o n d u c t i v i t y o f i c e . I t was Bjer rum ( l 9 5 l ) who 
p o s t u l a t e d t h a t the genera t ion and m i g r a t i o n o f l a t t i c e defec ts would 
a l l o w i o n - s t a t e s t o be regenerated t o d i f f u s e th rough the molecule 
more t han once. 
Desp i t e there being fewer ions i n i c e , the s p e c i f i c con-
d u c t i v i t y o f i ce i s o f the same order o f magnitude as t h a t of water , 
when b o t h axe at temperatures ve ry near the f r e e z i n g p o i n t . C l e a r l y , 
t h e r e f o r e , the m o b i l i t y o f the p r o t o n w i t h i n i ce i s mudi h ighe r than 
i n wa t e r . Th i s h ighe r m o b i l i t y i s r e a d i l y exp la ined when one apprec-
i a t e s t h a t the r a t e - d e t e r m i n i n g step i n the charge t r a n s f e r process 
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cannet be the f o i m a t i o n o f hydrogen-bonds, as i ce has v i r t u a l l y a f u l l y -
hydrogen-bonded s t r u c t u r e , but m s t be the proton-Jump w i t h i n the 
hydrogen-bondo The narked decrease i n c o n d u c t i v i t y w i t h f a l l i n g t e n -
p e r a t u r © i s e x p l a i n e d by E i g e n and De Masyer ( 1 9 5 8 ) by the increase i n 
t h e a c t i T a t i o n o f t h i s t r a n s i t i o n a t l ower temperatures r e s u l t i n g i n a 
corresponding decrease i n the p r o b a b i l i t y o f quantum meGhanioal 
t u n n e l l i n g . 
The i o n - s t a t e s present i n i c e are the hydroxoniun i o n , 
f 
H'jO* and the h y d r e x y l i o n , OH". The manner i n w h i d i t h e y d i f f u s e 
t h rough the l a t t i c e i s shown i n P i g o I I o 5 « I t can be seen f r o n t h i s 
diagram t h a t the d i f f u s i o n r e s u l t s i n a r e - o r i e n t a t i o n o f molecule B 
so t h a t no f u r t h e r d i f f u s i o n o f i o n - s t a t e s i s p o s s i b l e . A l though i t i s 
not shown i n t h i s diagram, the QH~ i o n d i f f u s e s i n a s i m i l a r manner. 
The p r o d u c t i o n and m i g r a t i o n o f B j e r r u m de fec t s i s shown i n 
F i g o I I , 6 , The p r o d u c t i o n o f such de f ec t s v i o l a t e s the second B e m a l and 
Fowle r R u l e , bu t BJerrum cons idered t h a t the de f ec t s might be c rea ted 
by a t h e r m a l l y e x c i t e d p r o t o n r o t a t i n g about i t s oxygen atom t « another 
e q u i l i b r i u m p o s i t i o n i n a n e ighbou r ing bond. Each such t r a n s i t i o n 
generates one doubly-occupied and one vacant bond, kxiown as D - and L -
de fec t s r e s p e c t i v e l y . I t i s the m i g r a t i o n o f the D - de fec t which i s 
shown i n F i g o I I o f i , bu t the L - d e f e c t migra tes i n a s i m i l a r manner, A 
comparison w i t h F i g . I I , 5 , shows t h a t the m i g r a t i o n o f d e f e c t s has the 
e f f e c t o f r e - o r i e n t a t i n g the molecules (note p a r t i c u l a r l y molecule B) 
so as t o a l l o w f u r t h e r i e n i e d i f f u s i o n . 
Table I I „ 1 compares some o f the p r o p e r t i e s o f i o n - s t a t e s and 
BJerrum d e f e c t s , i n so f a r as they are known. 

p 
O 0^  
n ^ 
CQ 
Ion -states. Bjcrrunn Defects. 
Energy of 
Formation. 1-2± 0-1 eV. 0-68± 0-04 eV. 
14 -3 
Concentration. 8 x10 m. 7x10 m. 
Transition 6x10^^ s"! 
Probability. 
2x10^^ s\ 
Mobility 
(in m s^per Vnrf) 
^ = 7.5x10® . >i,= 2 x10^ 
. Mobility-ratio., 
i i r=10°to100 
Activation-
cncngy 
of Diffusion. 
1 
0 (tunnelling) 0-235^001 eV 
TABLE n.1. A Comparison of the 
Properties of Ion-states and Bjcrrum 
Defects in Pure Ice at-10 °C . 
CHAPTER n i 
THE ELECTRIFICATION OF ICE AND WATER. 
The p r i n c i p a l mechanisms o f charge separa t ion i n water and i c e , 
and the r e s \ i l t s and t h e o r i e s o f previous workers i n t h i s f i e l d are 
summarised b r i e f l y . 
I H o 1 o Charge Separa t ion i n Iceo 
I I I . l ( a ) . E l e c t r i f i c a t i o n d i r e c t l y associa ted w i t h temperature 
^ a d i e n t s i n i c e . 
When two pieces o f i d e n t i c a l i n s u l a t i n g m a t e r i a l are rubbed 
toge the r a symmet r i ca l ly , t hey acquire equal and opposi te charges. Henry 
( 1 9 5 2 ) suggested t h a t a temperature grad ien t e f f e c t might be responsib le 
as the rubber and the rubbed m a t e r i a l w i l l be warmed by f r i c t i o n i n 
d i f f e r e n t ways, Reynolds, Brook and G-ourley ( 1 9 3 7 ) s t roked two i c e -
coated meta l rods toge the r asy imnet r ica l ly so t h a t a s m a l l , f i x e d area o f 
one r o d was rubbed over a s i m i l a r area a long the whole l e n g t h o f the 
o t h e r . They noted t h a t the rubber always became n e g a t i v e l y charged and 
t h a t the rubbed r o d acqui red an equal and opposi te charge, which was 
a t t r i b u t e d t o the fo rmer r o d be ing made warmer by the r u b b i n g . 
T r a n s i e n t contac ts between two i c e specimens were made by Brook 
( • ' 9 5 8 ) » who observed t h a t the co lde r o f two i d e n t i c a l specimens always 
became p o s i t i v e l y chargedo He also noted t h a t i c e made f r o m 1 0 ~ ^ molar 
sodium c h l o r i d e s o l u t i o n always became n e g a t i v e l y charged on making 
con tac t w i t h pure i c e , even when the specimens d i f f e r e d i n temperature 
by s eve ra l degrees. He concluded t h a t h i s r e s u l t s showed t h a t the 
p o t e n t i a l d i f f e r e n c e between two pieces o f i c e i n contact was a s e n s i t i v e 
f u n c t i o n o f t h e i r temperature d i f f e r e n c e but the experiments w i t h sodium 
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c h l o r i d e - d o p e d i c e i n d i c a t e d t h a t another source o f e.niofe might a l so have 
been o p e r a t i v e . 
A t heo ry o f p r o t o n d i f f u s i o n t o e x p l a i n the appearance o f a 
p o t e n t i a l d i f f e r e n c e between the ends o f an i c e specimen sub jec ted t o 
a s teady temperature g rad i en t was developed by Latham and Mason ( I 9 6 I A ) . 
The t h e o i y depends upon t h e p r o p e r t i e s o f i c e mentioned i n Chapter I I , v i z ; 
(a) the concen t ra t ions o f H^O* and O H " ions r i s e q u i t e r a p i d l y 
w i t h i n c r e a s i n g temperatxire, and 
( b ) t he m o b i l i t y o f the H^O"'' i o n i s a t l e a s t t e n t imes g r ea t e r 
than t h a t o f the O H " i o n . 
T h e r e f o r e , t he es tab l i shment o f a temperature g r a d i e n t i n an i c e 
specimen w i l l be accompanied by the s e t t i n g up o f a c o n c e n t r a t i o n 
g r a d i e n t o f i o n s o f b o t h s i g n s . The more r a p i d i n i t i a l d i f f u s i o n o f 
the H^ O"*" i o n down the temperature g rad ien t w i l l l e a d t o a s epa ra t ion 
o f charge w i t h a ne t excess o f p o s i t i v e charge a t the c o l d e r end o f 
t h e i c e . The r e s u l t i n g space-charge d i s t r i b u t i o n w i l l be such as t o 
oppose the f u r t h e r s epa ra t i on o f charge and under the i n f l u e n c e o f a 
steady temperature g r a d i e n t , e v e n t u a l l y a steady s t a t e w i l l be reached 
i n which no ne t f l o w o f c u r r e n t occu r s . A t t h i s t ime a s teady p o t e n t i a l 
d i f f e r e n c e w i l l have been e s t a b l i s h e d between the ends o f the specimen, 
w i t h t h e c o l d end p o s i t i v e l y charged and t h e warm end n e g a t i v e l y charged. 
Assuming t h a t t h e charge i s concen t ra ted on oppos i te faces o f the i c e , 
the p r e d i c t e d charge s epa ra t i on i s g i v e n by 
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where = the su r face charge dens i t y on the ©etcLs o f the i c e , 
£ o = "tJie p e r m i t t i v i t y o f f r e e space, 
= the d i e l e c t r i c constant o f i c e , 
k = Boltzmann's cons tan t , 
e = the e l e c t r o n i c charge. 
^ = the a c t i v a t i o n energy f o r the d i s s o c i a t i o n o f icee 
T = the absolute t anpe ra tu re , 
MVjj^^ = t he m o b i l i t y r a t i o f o r H ^ O * and O H " i o n s . 
S u b s t i t u t i n g t y p i c a l values i n t h i s equat ion gives 
or = 1 . 6 5 X 1 0 ~ ^ ° ( dT / dx) C m~^o 
This corresponds t o a p o t e n t i a l o f 1 , 8 6 AT mV across a specimen whose 
faces are a t temperatures d i f f e r i n g by A T deg.C. 
Latham and Mason measured the p o t e n t i a l s between opposite faces o f 
an i c e d i sc and found ve ry good agreement w i t h the c a l c u l a t e d values f o r 
temperature d i f f e r e n c e s o f up t o 1 0 deg.C, p rov ided t h a t the warmer face 
o f the. specimen was below - 7 ° C , A t temperatures above t h i s , l a r g e r 
p o t e n t i a l d i f f e r e n c e s were measured than p r e d i c t e d by the simple t heo ry 
bu t Latham and Mason b e l i e v e d t h a t these could be expla ined by the v a r -
i a t i o n s i n the c o n d u c t i v i t y o f i c e found by Bradley ( 1 9 5 7 ) , Tbe presence 
o f i m p u r i t i e s i n the i c e had o n l y a v e i y a l i g h t e f f e c t on the measured 
p o t e n t i a l d i f f e r e n c e s . Sodium c h l o r i d e caused t h e p o t e n t i a l s t o be 
reduced wheireas h y d r o f l u o r i c a c i d caused them t o be increased. I t was 
a l so shown t h a t when t r a n s i e n t contac t was made between i c e specimens 
i n i t i a l l y hav ing d i f f e r e n t temperatures, t he charge separated c o u l d be 
exp la ined by the Temperature Gradient Theory and t h a t i t was dependent 
on the t ime o f con t ac t , the maximum separa t ion be ing a f t e r a contac t 
2lu 
t ime o f 0,01 S o 
Jaccard (1963) has considered t h e e f f e c t o f the B je r rum de fec t s 
on t h e t h e r m o e l e c t r i c power o f i c e . A l l o w i n g f o r the f a c t t h a t the 
e f f e c t i v e charge c a r r i e d by each d e f e c t i s l e s s t h a n the u n i t e l e c t r o n i c 
charge, he showed t h a t the p r e d i c t e d v a l u e would agree w i t h Latham and 
Mason p r o v i d e d t h a t t h e m o b i l i t y r a t i o o f t h e B j e r r t m d e f e c t s i s 1o2. 
Latham (1964 A) has a l so shown t h a t the s epa ra t i on o f charge can 
be de t ec t ed b y an i n d u c t i o n method us ing a s i n g l e i c e c r y s t a l suspended 
o n l y by a f i b r e , thus e l i m i n a t i n g sources o f p o s s i b l e spur ious e f f e c t s . 
I I I . l ( b ) o E l e c t r i f i c a t i o n assoc ia ted w i t h the evapora t ion o f 
an i c e s u r f a c e . 
Measurements have been made o f the e l e c t r i f i c a t i o n on evapora t ion 
o f i c e f r o m an i c e - c o a t e d copper sphere o f r ad ius 15 mm b y Latham and 
Stow (1965)0 The sphere was main ta ined a t -20 °C and d r y n i t r o g e n was 
blown over i t s su r f ace a t temperatures between 0 and - W^Cc They 
f o u n d t h a t f o r n i t r o g e n temperatures between 0 and - 10°Cp t h e sphere 
became p o s i t i v e l y charged and f o r temperatures below - 10^0 the sphere 
became n e g a t i v e l y charged. I n a s u b s i d i A r y exper iment , the v a r i a t i o n 
o f t he temperature d i f f e r e n c e i n the i c e d su r face between n i t r o g e n and 
the i n t e r i o r was f o u n d and t hey showed t h a t the e l e c t r i f i c a t i o n on evap-
o r a t i o n c o u l d be q u a l i t a t i v e l y e x p l a i n e d i n terms o f t h e Temperatvire 
G-radient Theory b u t q u a n t i t a t i v e agreement would no t be expected i n the 
absence o f d e t a i l e d knowledge o f t h e s p a c i a l d i s t r i b u t i o n o f charge 
caused by temperature g r a d i e n t s . 
R e c e n t l y , Cross ( I969 ) lias examiaed evaporatiEg i c e sur faces 
under a scanning e l e c t r o n microscope and has shown t h a t p o l y o r y s t a l l i n e 
25 . 
i c e develops a f r a g i l e , f i b r o u s s u r f a c e . He suggests t h a t the breaking 
o f f o f i c e s p l i n t e r s f r o m such a su r f ace could e x p l a i n the e l e c t r i f i c a t i o n 
observed by Latham and Stow. Each s p l i n t e r w i l l be co lde r than the l a rge 
i c e mass and, on b reak ing away, w i l l c a r r y p o s i t i v e charge i n t o the a i r -
stream, as descr ibed by Latham (1963) . 
I I I . 1 ( c ) . Charge s epa ra t i on associa ted w i t h the c rack ing and 
f r a c t u r i n g o f i c e . 
Th i s appears t o be the r e s u l t o f the mechanical separa t ion o f 
i c e f ragments i n which a charge separa t ing process, e .g . the Temperature 
G-radient mechanism, had p r e v i o u s l y been o p e r a t i n g , 
m , 2 , The Separa t ion o f E l e c t r i c Charge i n M e l t i n g I c e . 
D inge r and G-unn (194^) de tec ted a charge sepa ra t ion o f up t o 
2fo2. X 1 0 ^ ^ C o f i c e me l t ed . The a i r above the sample acqui red 
a nega t ive charge and the wa te r , a p o s i t i v e charge. They noted t h a t 
the presence o f d i s s o l v e d gases was e s s e n t i a l f o r the observed charging 
e f f e c t s t o occur and r e l a t e d the charg ing mechanism t o e a r l i e r exper-
iments on the cataphoresis o f gas bubbles . I n a l a t e r paper. Dinger 
—9 —1 
(1965) has r e p o r t e d charges as h i ^ as 2 ,2 x 10 C g f o r t r i p l y 
d i s t i l l e d water when g i ^ a t care was taken t o a v o i d surface contamina t ion . 
The magnitude o f the e f f e c t i s ve ry s e n s i t i v e t o the presence o f 
smal l amounts o f i m p u r i t i e s and the f a i l u r e o f Matthews and Mason (19^3) 
t o d e t e c t even one htindredth o f the charge separa t ion repor ted by Dinger 
and Gunn was a t t r i b u t e d t o t h e presence o f h i g h concentra t ions o f carbon 
d i o x i d e i n the v i c i n i t y o f the apparatus (Dinger , 1964)0 
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IIIo3« Charge Separation, i n Water , 
I I I . 3 o ( a ) o , Sp ray ing , sp lash ing and b u b b l i n g phenomena. 
N e g l e c t i n g chemical e l e c t rode p o t e n t i a l s o f metals i n 
aqueous s o l u t i o n s o f t h e i r i o n s , these phenomena p robab ly represent 
the main ways i n which charge i s separated i n wa te r . Loeb ( 1 9 5 8 ) 
gives a d e t a i l e d account o f these phenomena, wh ich , i n c o n t r a s t t© 
the charge s e p a r a t i o n mechanisms i n i c e , are m a i n l y due t o the 
presence o f i m p u r i t i e s and the ex is tence o f an e l e c t r i c double l a y e r 
a t the l i q u i d / a i r i n t e r f a c e . 
Mason and I r i l » m e ( 1 9 6 7 ) have looked i n d e t a i l a t the charge 
separated by bubbles b u r s t i n g a t t h e a i r / w a t e r i n t e r f a c e and have 
f o u n d t h a t the charge separated depends upon the bubble r a d i u s , the 
i m p u r i t i e s i n the water , the compos i t ion o f the gas i n the bubble and 
the l i f e - t i m e o f the bubble be fo re b u r s t i n g . I n o rde r t o o b t a i n 
r e p r o d u c i b l e r e s u l t s , t h e y ensured t h a t the water s u r f a c e , at w h i d i 
t he bubble b u r s t , was c o n t i n u o u s l y renewed and t h e y c o n f i n e d t h e i r 
measurements t o bubbles which b u r s t immedia te ly on a r r i v a l a t the 
s u r f a c e . The r e s u l t s ob ta ined under these c o n d i t i o n s were cons i s t en t 
w i t h a t h e e i y based on the r u p t u r e o f an e l e c t r i c double l a j r e r . 
D r o p l e t s f r o m b u r s t i n g bubbles o f n i t r o g e n , which had had r a d i i i n 
the r e g i o n 20 t o 200 /i^m, c a r r i e d away net negat ive charge o f up t o 
3 X 10"^-^ G per bubble f r o m s o l u t i o n s w i t h i o n i c concen t ra t ions o f 
l e s s t h a n 10"^ mo la r . 
I I I . 3 ( b ) . S o l i d / l i q u i d i n t e r f a c i a l phenomena. 
I t i s convenient a t t h i s p o i n t t o examine the diarge separ-
a t i o n which may r e s u l t when a l i q u i d moves r e l a t i v e l y t o a s o l i d 
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with which i t i s i n contact. 
The concept of d i f f e r e n t l y charged l a y e r s , i . e . an e l e c t r i c 
double l a y e r , at a s o l i d / l i q u i d boundary was proposed by HelHiholtz i n 
1 8 7 9 » The o r i g i n a l picture has been modified by Gouy ( c , l 9 0 9 ) and more 
recent ly by S tern ( l 9 2 i f ) . According to Stern the double layer i s i n 
two parts : one, which i s approximately a single ion i n thickness , 
remains sdmost f i x e d to the s o l i d surface: the other extends soae 
distance into the l iquid-phase and i s d i f f u s e , (See F i g . I I I . 1 , ) I n 
t h i s second region, thersial ag i tat ion p e m i t s the free novement of the 
p a r t i c l e s but the e l e c t r o s t a t i c f i e l d at the surface may resu l t i n pre f -
e r e n t i a l a t t r a c t i o n of those of opposite .sign. I n t h i s region the poten-. 
tial f a l l s gradually to the l e v e l i n the bulk of the l i q u i d where the 
charge d i s t r i b u t i o n i s uniform. The overa l l f a l l i n potent ia l between 
the s o l i d and the l i q u i d represents the theneedynanic Electrode Poten-
t i a l . The potent ia l difference between the f i x e d layer and the bulk 
l i q u i d i s known as the Zeta P o t e n t i a l , C . 
I n order that simple mathematical considerations nay be applied 
to e l e c t r o k i n e t i c phenomena, i t i s necessary to assume that the d i f fuse 
double l a y e r i s equivalent to a p a r a l l e l plate condenser, with a sep-
arat ion between the p la tes of d carrying a charge of (J^  per square uetre . 
Then 
where D i s the d i e l e c t r i c constant of the medium between the plates 
and 60 i s the p e r a i t t i v i t y of free space (See GlaSstone, 1 9 6 2 , page 
1 2 2 0 onward.). 
28. 
L e t us consider the case of a l i q u i d f lowing t h r o u ^ a 
c a p i l l a r y tube, radius r . The v e l o c i t y of the l i q u i d v a r i e s with the 
2 2 
d i s tance , x , from the centre of the tube and i s equal to P ( r -x )/h-f^ 
f o r laminar f low, where P i s the pressure di f ference between the ends 
• f the tube of length, 1 and i s the v i s c o s i t y ©f the l i q u i d . The 
moving part of the double l a y e r i s at a distance r - d from the centre 
of the tube and so i t s v e l o c i t y , v , i s given by: 
V = rdP/2 1.^ 
2 
(the very smal l quantity d can be neglected i n comparison with 2rd) 
I f one side of the double l a y e r i s forced past the ether, 
the strength of the current , I , produced i s given by 
I = 2 7 T r ( ^ v = n v ^ ( ^ dP/1 
I f k i s the s p e c i f i c conductivity of the l i q u i d used, 
then the conduot ir i ty of the l i q u i d i n the tube i s 7T r ^ k / l and i f S 
i s the "streaming" or flow p o t e n t i a l , i . e . the potent ia l measured 
between the ends of the tube, i t fol lows from Ohm's law, that 
3 = 1 1 / TTr^k 
= (^dP/k 2 
Hence, we see that a value f o r the Z^ta po ten t ia l between 
the l i q u i d and the mater ia l comprising the tube can be obtained by 
measuring the potent ia l produced between the ends of a tube t h r o u ^ 
whidi the l i q u i d i s forced . 
The v a l i d i t y of the ejcpression derived using the above 
s i n ^ l i f y i n g assumptions has been J u s t i f i e d by the close correspon-
dence between the values of ? obtained from d i f f erent methods, 
( e .g . see Glasstone, 1 9 6 2 , page 1 2 2 5 ) . T r a d i t i o n a l l y such exper-
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inents have been carr ied ©ut on aqueous solutions of ionic sal ts i n 
glass tubes, but charge can be separated by Biany low conductivity 
l i q u i d s on f lowing through tubes of various na te r i a l s . 
I l l , 3 (e ) <• Temperature gradients i n solutions, 
Lathaja ( 1 9 6 4 B) has reported that temperature gradients i n 
i on i c solut ions give r i se t o e l e c t r i c p o t e n t i a l s „ The colder portions 
of. potassium and sodium chloride solutions acquired net posi t ive 
charge„ The resul ts were said to be explicable i n tezins of a mechanism 
s i m i l a r to that responsible f o r the charge t r ans fe r prodmced by tem-
perature gradients i n ice„ 
I I I o 4 o Charge Separated by the Freezing of Water, 
I n 1 9 4 6 Workman and Reynolds began a series of laboratory 
experiments i n the hope of discovering a physical process which might 
be basic i n the generation of thunderstorm e l ec t r i c i t yo Using the 
apparatus shown i n P i g . I I I . 2 , wi th copper block temperatures of - 5 t o . 
- 3 0 O Q , they found that the water froze i n an orderly manner from the 
plat inum face outwards. 
Re la t ive ly large po ten t i a l differences were developed between 
the water and ice when d i l u t e i o n i c solutions were used. The charge 
separation s tar ted when f reez ing began and stopped when f reezing ceased. 
The potentisds were measured using shun^ts of from 1 0 to ^Cp (Q> aeross 
the electrometer to ground. Workman and Reynolds also obserred that a 
reverse po t en t i a l was not rea l i sed on mel t ing. They a t t r ibu ted th i s to 
p r i o r neu t ra l i sa t ion through the poorly conducting ice . They also 
3 0 o 
noted that i n t h e i r Beasurements, the magnitude of the open c i r c u i t 
po tent ia l s was independent of the f reez ing rates over a wide range, 
and they stated that the poten t ia l s only appeared variable to the 
extent that i n t e r n a l leakage currents reduced the measurable poten-
t i a l s f o r slow rates of f reez ing and c r y s t a l d i so r i en ta t ion reduced 
then at very high rates of f r eez ing . These authors also reported tha t 
when random c rys t a l o r i en t a t ion resul ted from spontaneous f reez ing of 
supercooled so lu t ions , hardly any charge separation was observed. 
However, Pruppaeher, Steinberger and Wang ( 1 9 6 8 ) have observed charge 
sepguration on spontaneous f reez ing and po ten t i a l d i f ferences w i t h i n 
an order of magnitude of those obtained by Workman ajid Rejmolds at 
lower f reez ing ra tes . 
The actual values of the f reez ing potent ia ls were h igh ly 
dependent on very small concentrations of i on i c solutes, e .g. 3 x 1 0 " ^ 
molar ammonia solutions gave - 2 3 2 V w i t h the water negat ively 
= 5 
charged, 2 x 1 0 molar sodium f l u o r i d e solutions gave + 21 V wi th 
the water p o s i t i v e , and 1 0 moleur sodium chloride solut ions gave 
+ 3 0 V o This l e d them t o suspect that the = 4 0 V , approximately, 
obtained on f reez ing d i s t i l l e d water of conduct ivi ty 10 " ' • " i f i « 
was due to the presence o f ammonia, and when care was taken to 
eliminate ammonia as a contaminant, the potent ia ls i n d i s t i l l e d water 
were reduced t o a few T o l t s , 
The i on i c character of the e f f e c t W8i3 demonstrated by 
p a r t i a l l y f r eez ing a 7 x 10"^ molar sodium chloride so lu t ion i n an 
atmosphere of helium w i t h an electrometer shunt of 2 x I0^<n ,o The 
pH of the so lu t ion before f reez ing was 6 o 3 , tha t of the unfrozen water 
3 1 , 
was 6 o 2 and that of the re-melted ice was 7 o O , showing that the 
chloride ions were se lec t ive ly trapped i n the i ce . Calculations 
showed that the differences i n pH corresponded to a charge separ-
a t ion o f 3 , 4 X 1 0 " ^ C g"^ cosspared to the 3 , 0 x 1 0 ~ 5 c g"'' measured 
by the electrometer. Allowing f o r the leakage currents t h i s repres-
ented excellent agreement, and, although Workman and Reynolds ( 1 9 5 0 ) 
admitted that such good agreement was probably f o r t u i t o u s , they 
considered that t h e i r in t e rp re ta t ion was J u s t i f i e d , 
Various aspects of the Workman and Reynolds E f f e c t have 
been examined by G i l l ( 1 9 5 5 ) » Lodge et a l . ( 1 9 5 6 ) , Heinmets ( 1 9 6 2 ) , 
Gross ( 1 9 6 5 ) , Pruppaeher et a l . ( 1 9 6 8 ) and others. I n general, the 
f ind ings of Workman and Reynolds have been oonfiimed although no one 
has succeeded i n producing such large po ten t i a l s . More detai led 
discussion of these resul ts i s to be found i n Chapter V I , 
CHAPTER IVo 
LABOHATORY SIMULATIONS OP GONDITIOMS IN CL0I3DS 
AND THE ELECTRIFICATION OF HAIL AND SNOW 
IV„ 1o The E l e o t r i f i c a t i o n of Single Water Drops, 
Charge separation due t o the f reez ing of single water drops 
oeours when the drop shatterso However, Rogers ( 1 9 6 ? ) and Johnson 
and H a l l e t t ( 1 9 6 8 ) have shown that s ingle drops are u n l i k e l y to 
shatter i n conditions of f r ee f a l l i n the atmosphere. Nevertheless, 
shat ter ing o f small droplets on hailstones may occur and therefore 
the resu l t s of work on single drops «ay be applicable t o the elee-
- t l r i f i oa t i on o f h a i l . 
When a water drop i s being f rozen, spicules and bulges o f t en 
appear on i t s surface, Dorsey ( 1 9 4 B ) proposed that these could be 
explained i f the surface of the drop f roze f i r s t , so tha t subsequent 
f r eez ing resul ted i n a build-up of pressure inside the drop whid i 
u l t i m a t e l y caused the ios s h e l l to rupture, A Jet of water would 
then be ejected and would freeze on the outside, producing e i the r 
a spicule or a bulge, Blanehard ( l 9 5 l ) invest igated the growth of 
spieules on f r eez ing drops o f 8 «m diameter which were f r e e l y supp= 
or ted i n a verfcioal wind t u ime l . He v e r i f i e d the mechanism suggested 
by Dorsey axid i n a subsequent paper, Blanchard ( l 9 5 5 ) p he reported 
tha t the manner i n which the drops f roze depended upon t h e i r temper-
atures at the t ime of f r eez ing . At temperatures above about •= 5 ° 0 
a s h e l l o f c lear iss formed at the bottom of the drop and grew over 
the whole surface. Th in planes of ice also grew from the base o f 
the drop in to the i n t e r i o r . At temperatures below - 5 °C, the 
f reez ing ©cai r rod nearly simultansously over the en t i r e surface o f 
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the drop, causing the drop to become opaque due t o the presence 
o f small a i r lobbies forced out of the solut ion as the water f r o z e . 
IV, l ( a ) . The work of Mason and Maybank, 
Mason ( 1 9 5 6 ) had noticed that the burst ing of freezing 
water drops produced small ice c rys ta l s . Mason and Maybank ( 1 9 D O ) 
invest igated the f reez ing of drops wi th diameters i n the range 
0 . 6 t o 2 mm. suspended on f i b r e s . The drops were allowed to supercool 
t o a known temperature and then they were nucleated wi th e i ther s i l v e r 
iodide crys ta ls or small iee pa r t i e l e s . These authors reported that 
drops supercooled to about - 1 5 °^C froze i n two stages. The f i r a t 
stage was the rapid formation of an opaque outer she l l of iee «on= 
t a i n i n g many small air bubbles. L ibera t ion of la tent heat then 
warmed the ditsp up t o 0 ° C and the l i q u i d i n t e r i o r froze slowly. 
During t h i s second stage, some of the water from the drop i n t e r i o r 
seeped slowly t h r o u j ^ the ice she l l and froze on the surface. When 
drops were nucleated at temperatures Just below the freezing po in t , a 
t h i n , transparent ice s h e l l spread slowly over the ent i re surface of 
the drop. Freezing then progressed towards the i n t e r i o r and at t h i s 
stage spicules were o f t e n produced. Mason and Maybank also showed that 
the amount of a i r dissolved i n the drop was important i n determin-
ing whether spicules were produced. The pressure build="up resul t ing 
from the f reez ing of the water i s more eas i ly accommodated by a i r 
bubbles, and shat ter ing and s p l i n t e r production are reduced i f a i r 
bubbles are present. They also noted that the presence of small amounts 
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of dissolved sa l t s ( less than 0 , 2 molar) d i d not a f f e c t the way 
i n which the drops f r o z e . 
Mason and Maybank examined the e l e c t r i f i c a t i o n of f reezing 
drops nucleated at a temperature of - 1 °C and then plaeed i n an 
environment temperature of - 1 0 °C, No charge was detected u n t i l 
shat ter ing occurred and, i n general, the major drop residues became 
negatively charged, while the minor drop residues became p o s i t i v e l y 
charged. They explained t h e i r resu l t s i n terms of a temperature 
gradient which they assumed t o ex i s t between layers i n the ice she l l 
of a p a r t i a l l y f rozen drop, 
I V , 1 ( b ) , The work of Kadhurin and Bekryaey 
Kachurin and Bekryaev ( l 9 6 0 ) invest igated the e l e c t r i f i c a t i o n 
o f f r eez ing drops w i t h diameters between 0 , 2 and 2 mm over a temper-
ature range - 3 t o - 2 0 °C, The drops were suspended, at the foeus 
of a microscope, on a f i n e vrire eyelet which could be connected t o 
e i t he r an electrometer or an oscil loscope. By f i l m i n g the f reez ing 
they were able t o correlate var ia t ions i n the charges on the drops 
w i t h p a r t i c u l a r events i n the f r eez ing sequence, A t y p i c a l o s c i l l -
ogram trace i s shown i n P i g . r V , 1 o Peak A i s said t o be associated 
w i t h the breaking o f f of small ice pa r t i c l e s as f i ssures form i n the 
ice s h e l l . Peaks B, C and D were associated w i t h the breaking o f f of 
negatively csharged ice pa r t i c l e s from the spicules, while the gen-
e r a l negative t rend on the record was due to the e j e c t i o n of streams 
of p o s i t i v e l y charged mioroscopio water droplets . 
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IV. l ( e ) . The wo lie of Hutchinson, Evans and S t o t t . 
Evans and Hutdiinson ( 1 9 6 3 ) and S to t t and Hu t©h inson ( l 965 ) 
examined the f reez ing of supercooled drops of 0 , 9 t o 1 . 7 mm diam-
eter suspended on an insu la t ing f i b r e . The drops were micleated by 
a cloud of small ice c rys ta l s , produced by small pieces of s o l i d 
carbon dioxide, when they had become supercooled by 1 t o 2 deg.C 
and then they were lowered quickly in to a re f r ige ra ted c e l l wi th an 
environment temperature of - 1 5 °C. S to t t and Hutchinson ( 1 9 6 5 ) 
summarised a l l the resul ts obtained. 
The resul ts were i n agreement wi th those of Kachurin and 
Bekryaer f o r the sign o f the charge separation, but the charge 
separated by shattering drops was, i n many oases, too large to be 
e ^ l a i n s d i n teicffis of the TeH5>erature Gradient Theory, S to t t and 
Hutciiinson pointed out that t h e i r resu l t s , and those o f Kachurin 
and Bekryaev, and Evans and Hutchinson, were consistent w i t h a 
theory invo lv ing a substant ial charge separation across the water/ 
ice boundary i n the s o l i d i f y i n g drop. The charge separation 
mechanism proposed by Workman and Reynolds would, i t was t h o u ^ t , 
separate s u f f i c i e n t charge to explain the resu l t s . 
I V . 1 ( d ) . The work of Rogers,' 
Rogers ( 1 9 6 7 ) supported water drops, w i th diameters i n the 
range 3 t o 5 sDrnj on an air-stream, aJid by noting the time taken f o r 
freejsing t o commence, he calculated the degree of supercooling of 
the drop when f reez ing was i n i t i a t e d . I n measurements on 1 5 O drops 
4 0 . 
separated. They explained t h e i r resu l t s i n terms of the Temperature 
Gradient Theory. 
Church ( 1 9 6 6 ) perfomed experiments designed to invest igate 
discrepancies i n the resul t s o f these previous workers. He found no 
s i g n i f i c a n t charging when a 4 mm diameter phosphor-bronze b a l l , coated 
w i t h ice 0 , 5 t o 0 . 7 5 nm t h i c k , was rota ted at a t angent ia l v e l o c i t y o f 
1 0 m s~^  i n a cloud of supercooled water droplets at - 1 8 °C, The 
forward face o f the ba l l s became coated w i t h hard, opaque ice but he 
could f i n d no evidence o f s p l i n t e r production or splashing,which 
might exp la in why no charge was separated both i n h i s experiment and 
the experiment of Reynolds et a l . ( l 9 5 7 ) . However, when the cloud was 
seeded by int roducing e i the r a few small fragments of s o l i d carbon diox-
ide o r a rod, cooled i n l i q u i d n i t rogen, i n to i t , immediate, strong 
e l e c t r i f i c a t i o n was produced. Although Church does not describe the 
appearange o f the "hailstone" under these condit ions, Berrlman (pr iva te 
communication), using a mod i f i ca t ion of Church's apparatus, observed 
tha t a rimed surface was produced under somewhat s i m i l a r condit ions, 
suggesting tha t s p l i n t e r i n g was a possible explanation f o r Church's 
r e su l t s . 
The e l e c t r i f i c a t i o n on shat ter ing o f l a rger water drops, 
having diameters i n the range 5 0 t o 1 5 0 y U m , on encountering a ro t a t i ng 
ice-coated rod of 4 nam diameter, was also studied by Churcfli, The sui^ 
face o f the rod became r ipp l ed and glassy and only droplets of about 
1 0 upwards had been f l u n g o f f the probe. The v a r i a t i o n o f charging 
w i t h droplet temperature i s shown i n P i g , 17,2, He suggested tha t the 
resul ts might be explicable i n terms o f the Workman and Reynolds E f f e c t 
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by assuming that a small f r a c t i o n of the droplet froze on touching 
the "hails tone". Charge might be separated across the resu l t ing i c e / 
water in ter face and t h i s charge separation would be registered as an 
electrometer de f l ec t ion when the droplet was f l u n g o f f . However, he 
was unable t o explain e i the r the reduction i n negative charging when 
the temperature became lower or the pos i t ive charging caui^ed by the 
wanner droplets , 
Rogers ( 1 9 6 7 ) investigated the e l e c t r i f i c a t i o n of i c e -
spheres of 1 5 nim diameter, f r e e l y supported on an a i r - Je t , When a 
sphere was accreting droplets i n the range 5 t o 1 0 0 jm diameter, i t 
became negatively charged at temperatures of above - 1 0 ^ 'C and pos-
i t i v e l y charged at ten^jeratures of = 1 2 °C and below. He believed 
t h i s change i n sign could, i n pa r t , be a t t r ibu ted to a difference i n 
the way i n which droplets f roze , (See Section IV , 1 . ) He suspec-
ted that water droplets might be f lung o f f at temperatures above 
•= 1 0 °C, whereas ice sp l in te r s would be ejected at lower temper-
atures. The s ign o f the charge sepsiration was opposite to that found 
by Magono and Takahashi ( 1 9 6 3 ) who noted that the charge acquired by 
a rixaissg probe depended on the temperature of the probe and the riming 
ra te , Magono and Takahashi, however, explained t h e i r results i n teims 
o f c o l l i s i o n s between ice crystals and the probe, the riming due to 
siipercooled droplets being of in5)ortance only i n detennining the nature 
o f the probe surface. I n Hogsrs' experiments, no ice crystals were 
detected i n the a i r - Je t and he assumed, therefore , that a d i f f e r e n t 
charge generating medianism was operating from that proposed by 
Magono and Takahashio 
4 2 , 
IV. 2 (b ) The e l e c t r l f i o a t i o n of h a i l and snow by c o l l i s i o n 
w i t h ice p a r t i c l e s . 
We have already seen tha t the e l e c t r i f i c a t i o n of h a i l on 
c o l l e c t i n g water droplets i s enhanced by the presence of ice crystals 
i n the cloud, (See Section I V . 2 ( a ) . ) Reynolds, Brook and Gourley 
( 1 9 5 7 ) explained the negative charging of t h e i r spheres i n terms o f 
the temperature gradient between the "hails tone", wanned by the la tent 
heat released from the f reez ing of the droplets , and the co ld , reboun-
ding ice c rys t a l s . They E L L S O reported that very l i t t l e charge was 
separated i f no droplets were present i n the cloud or i f the cloud 
pa r t i c l e s and the simulated hai ls tone were at the same temperature. 
Latham and Mason ( 1 9 6 1 B ) measured the e l e c t r i f i c a t i o n of an 
iced probe by the passage o f a stream of ice crys ta ls i n the absence 
of l i q u i d water. The probe consisted of an insulated metal cyl inder 
covered w i t h a t h i n coating of ice and mounted on a copper rod . The 
surface temperature of the probe could be raised, by means of a small , 
i n t e r n a l e l e c t r i c heater, and lowered, by placing a cy l inde r containing 
s o l i d carbon dioxide at various pos i t ions along the copper rod. Probe 
temperatures as low as - 3 0 °C were obtainable. A stream of 20yum 
ice c rys ta l s was drawn past the probe f o r a known time and the quanti ty 
of charge acquired by the probe was measured by placing the probe 
i n an induct ion can attached to an electrometer, Latham and Mason 
found tha t the charge separated var ied l i n e a r l y w i t h the temperature 
d i f ference between the probe and the c rys t a l s . However, f o r a tem-
perature d i f fe rence o f 5 <ieg. C, the average charge separated per 
c ry s t a l c o l l i s i o n was 1 , 7 x 1 0 " ' '^ C which was a f a c t o r of 1 0 ^ less 
4 3 o 
than that found by Reynolds et a l , ( l 9 5 7 ) o 
Churcdi ( 1 9 6 6 ) repeated the work of Latham and Mason using 
somewhat d i f f e r e n t apparatus. The charging measured by Church was 
greater by a f ac to r of 5 0 than that measured by Latham and Mason and 
d i d not appear to vaiiy l i n e a r l y w i t h the measured temperature gradient. 
He was unable to account f o r these discrepsineies completely but 
a t t r i b u t e d them to differences between his probes and those used by 
Latham and Mason, Recently, there has been much discussion on the 
possible enhancement of the Temperature Gradient E f f e c t under condit-
ions d i f f e r e n t from those f o r whidi the quanti tat ive theory was worked 
out , ( e „ g . Latham and Stow, Discussion, Quart. J . Royal Met .Soc, 
V o l , 9 4 , page 4 1 5 ( 1 9 6 8 , ) ) and i t appears cer ta in that quite large 
var ia t ions from the calculated values may be possible i n some eases. 
I V . 2 ( G ) , E l e c t r i f i c a t i o n on mel t ing. 
Prom t h e i r resul ts on the melt ing of ice specimens. Dinger 
and Gunn ( 1 9 4 6 ) predicted that melting h a i l would become p o s i t i v e l y 
charged. 
Drake ( 1 9 6 8 ) observed the melt ing of small frozen water drops 
wi th diameters of "a few mi l l imet res" , supported by a wire loop connec-
ted t o ein electrometer. The temperature, humidity and ve loc i t y of the 
gas f l ow around the specimen were c a r e f u l l y control led. No charging 
was recorded u n t i l the specimens began to melt . Strong, posi t ive 
oharging coincided w i t h the onset of strong convection i n the melt-
water and continued u n t i l the las t traces of ice disappeared. The 
separation of charge weis due to the presence of a i r bubbles i n the 
44. 
sample, which burst on reaching the water surface. Convection i n the 
melt-water would have the e f f e c t of continuously renewing the water 
surface which might otherwise have become contaminated. Such contam-
i n a t i o n has the e f f e c t of reducing the charge separated by burst ing 
bubbles. 
Using an a i r - Je t f o r supporting ice spheres of 1 5 mm diameter, 
Rogers ( 1 9 6 7 ) also found pos i t ive charging on mel t ing . However, when 
small water droplets were f l u n g o f f the mel t ing simxilated hai ls tone, i t 
became negatively charged. He postulated t h i s might expla in the f i e l d 
measurements of MacCresidy and P r o u d f i t ( 1 9 6 5 ) who found negative charges 
on mel t ing h a i l i n the +2 to + 8 °C region. 
The e l e c t r i f i c a t i o n on melt ing o f f a l l i n g snow crysta ls has 
been invest igated by Magono and Kikuchi ( 1 9 6 5 ) and Kikuchi ( 1 9 6 5 ) . 
They found tha t natural snow crystals acquired pos i t ive charge on 
mel t ing , usua l ly s u f f i c i e n t t o overcome t h e i r o r i g i n a l negative charge. 
They found tha t the charge acquired was approximately propor t ional t o 
the a i r bubble concentration contained i n the snowflakes, although large 
a i r bubbles d i d not appear t o contribute t o the charging, Magono and 
Kikuchi noted tha t the pnowflakes under observation melted t o f o m a 
single drop and d i d not break up. 
I n general, these resu l t s seem to indicate that melt ing under 
qu ie t , non-turbulent conditions leaves the p e l l e t w i t h a pos i t ive charge, 
whereas melt ing which involves the loss of water from the surface of 
the ice p e l l e t would leave i t w i t h a net negative charge. 
4 5 . 
I V , 3 o E l e c t r i f i c a t i o n Associated wi th the Formation of Spongy 
Ice on H a i l . 
When supercooled water droplets freeze, they do so very 
qu ick ly , mudi more quickly than the water i s f rozen i n , f o r example, 
Workman and Reynolds-type experiments. Therefore, measurements made 
at lower f reez ing rates may not be applicable under the conditions of 
accret ion of supercooled droplets by h a i l i n the atmosphere, 
Macklin and Ryaa ( 1 9 6 2 ) and ( 1 9 6 5 ) and Pruppacher ( 1 9 6 7 ) 
have established that ice crystals grow i n supercooled water by mult iple 
branching, thereby producing an interwoven network of dendr i t ic ice 
structures which are capable of re ta in ing considerable amounts of l i q u i d 
water. L i s t ( 1 9 6 0 ) and Macklin ( 1 9 6 1 ) have shown that i f the rate at 
which supercooled cloud droplets impinge on an ice pe l l e t i s s u f f i c i e n -
t l y la rge , the heat of f u s i o n released during the freezing cannot be 
dissipated s u f f i c i e n t l y r ap id ly and an ice-water mixture, or spongy ice^ 
i s deposited on the growing ice p a r t i c l e . The enhanced water retent ion 
i n the production of spongy ice compared w i t h , say, the production 
of glaze ics^may resul t i n a difference i n the medianism of charge 
separation which can operate under these d i f f e r e n t conditions. 
The resul ts of laboratory invest igat ions, summarised b r i e f l y 
above, c l e a r l y show the va r i a t i on i n experimental resul ts which may be 
obtained by s l i g h t l y changing the experimental conditions. I t i s 
hoped tha t the experimental work described below may show which of 
these conditions are l i k e l y to be of major importance i n deterroining 
the e l e c t r i f i c a t i o n of ice pa r t i c les and water droplets. 
CHAPTER V. 
EXPERIMENTAL INVESTIGATION OP THE ELECTRICAL 
EFFECTS AT ICE/WATER INTERFACES. 
We have seen i n the preceding chapters tha t many of the 
processes t h o u j ^ t t o be of importance i n the e l e c t r i f i c a t i o n of 
clouds, h a i l , r a i n and snow involve charge separation mechanisms 
which operate at a i r /water or water/ ice in te r faces . Many workers 
have studied the a i r /water in te r face and a considerable amount o f 
t heo re t i c a l and experimental work has been d i rec ted towards deter-
mining the propert ies o f , and s t ructure w i t h i n , the i n t e r f a c e , but 
con^jaratively few attempts have been made to investigate the nature 
o f the ice/water i n t e r f ace . 
The experiments described i n the fo l l owing chapters were 
designed w i t h the object of character is ing the e l ec t rok ine t io , or 
zeta p o t e n t i a l , should one e x i s t , between ice and very d i l u t e aoqueous 
so lu t ions , and t o see i f the resul ts could be i n any way re la ted to the 
charge separation mechanisms already known t o exis t i n ice/water 
systems. 
V, 1 , Experiments w i t h Ice-coated B a l l s . 
Churdi ( 1 9 6 6 ) observed tha t a moving ice-coated brass rod o f 
4 mm diameter became charged when droplets splashed from i t s surface, 
(See P i g , I V , 2 , ) . The appearance o f the resul tant ice surface sugges-
ted tha t the droplets had spread out on i n t a c t and had flowed over the 
surface o f the ice t o form a l i q u i d layer which had then f rozen . 
However, port ions of the l i q u i d l aye r had been l o s t before f r eez ing , 
perhaps due t o the c e n t r i f u g a l fo rce exerted by the r o t a t i n g rod, o r 
the conf igura t ion of the a i r f l ow around the rod. I n order to be able 
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to compare d i r e c t l y the amount of charge which had been acquired 
by the rod and the charge which might be separated at the ice/water 
in te r face as a resul t o f the motion of the water over the i ce , I 
decided to t r y to investigate the charge acquired by ice-coated brass 
spheres of 4 mm diameter on f a l l i n g through water at 0 ° C» 
A perspex tube, i n t e rna l diameter 2 5 mm, external diameter 
3 2 ma and 2 4 5 mm long, was suspended v e r t i c a l l y i n an earthed, 
s tainless s t e e l , r e f r ige ra t ed tank, 0 . 5 6 m deep ajid 0 . 4 3 m i n diam-
eter , .maintained at teniperatures below 0 °Co (See P i g , V . 1 o ) The 
bottom 5 nntt o f the tube were plugged w i t h a brass disc, connected to 
an ECHO N 6 I 6 B Vibrat ing-reed Electrometero (The electrometer i s 
deseribed i n more d e t a i l i n Appendix 1 o ) Three brass induction 
r ings , o f 3 2 mm in t e rna l diameter and 1 8 mm i n depth were attached to 
the outside of the tube and could be connected t o a secsond electrometer 
i n d i v i d u a l l y or i n p a r a l l e l . To prevent condensation from shorting 
out the induct ion rings or the brass p lug, the whole tube assembly was 
sprayed w i t h "Damp Stairt", a quick-set t ing p l a s t i c i n an aerosol can 
used t o pro tec t high-tension leads on p e t r o l engines. 
The detection system was tested by dropping 4 mm nylon 
spheres down the tube. These spheres almost always carr ied a charge 
whid i was registered as electrometer deflect ions both by the e lec t ro-
meter connected t o the induction r ings and the electrometer connected 
t o the brass base of the qjr l inder. The maximum s e n s i t i v i t y of the 
electrometers; was l i m i t e d by the background noise l e v e l to about 
- 1 4 
1 0 C f o r the electrometer connected t o the brass plug and consid-
erably less than t h i s f o r the electrometer connected to the induct ion 
W o 
r i n g s , because the response time of the electrometer i s of the order 
of 1 s f o r f u l l scale d e f l e c t i o n . A rough c a l i b r a t i o n showed that 
the maxmum s e n s i t i v i t y of the induct ion r i n g system was f o r charges 
o f about 1 0 ' 9 C, i . e . about h a l f o f the charge separation detected, 
by Church at 0 ° C. 
De-mirera]iaed water at the mel t ing point was poured in to 
the cy l inder and the electrometers were switched on. The if mm brass 
spheres were coated w i t h ice by cooling them t o about - 3 0 C i n a 
second r e f r i g e r a t o r compartment and dropping them in to a t r a y of 
f reez ing water on the compartment f l o o r . A smooth i c e - s h e l l formed 
over the surface of the spheres, w i t h the exception of a point where 
a sphere rested on the ice-covered f l o o r of the t r a y . The spheres 
were broken away from the ice w i t h tweezers and any holes i n the i c e -
she l l s were f i l l e d by re-cool ing the spheres and dropping cold water 
on t o them. Using earthed tweezers, the simulated hailstones were 
t rans fe r red t o the perspex tube and released Just above the surface of 
the water. ; 
The electrometer detected no charge as the sphere f e l l t h r o u ^ 
ajny of the induct ion r ings . However, when the spheres h i t the base of 
the tube, both electrometers regis tered de f l ec t ions . Uncoated brass 
spheres gave s i m i l a r def lec t ions and i t was concluded tha t they were due 
to p i ezo -e l ec t r io charging of the perspex tube. The f a i l u r e of the 
induct ion r i n g system to detect any charge on the spheres could perhaps 
be a t t r i b u t e d to the h i ^ e r d i e l e c t r i c constant of water compared w i t h 
that of a i r . The time taken f o r the charge on the spheres to be induced 
4 9 . 
onto the r i n g would be increased and i t i s possible that only a small 
f r a c t i o n of the charge on the sphere would be induced before i t f e l l 
out of the r i n g . The method also suffered from other disadvantages; 
( i ) the water i n the tube tended t o warn up, even when 
ice was f o m i n g on the brass base, so the ice on the sphere 
was melt ing as i t f e l l through the water and i t was uncertain 
whether or not the sphere was s t i l l completely covered w i t h 
ice when i t a r r ived at the bottom of the tube: and, 
( i i ) the presence of ice on the brass plug might i n v a l -
idate d i rec t readings of the charge on the sphere, since 
charge was possibly being separated by the Workman and 
Reynolds E f f e c t or the Temperature Gradient E f f e c t . 
Accordingly, f u r t h e r experiments of t h i s type were discon-
t inued i n favour of experiments which might give a less ambiguous 
resu i to 
V. 2 . The Rotating Tube Experiment, 
When a hor izonta l q r l inder containing a l i q u i d and a gas i s 
ro ta ted about i t s long axis , the l i q u i d i s centrifuged to the walls 
of the cy l inder and the gas takes up a pos i t i on i n the centre of the 
tube along the axis of r o t a t i o n . This p r inc ip le was used by 
Mca?aggert ( 1 9 1 4 and 1 9 2 2 ) and A l t y ( 1 9 2 4 and 1 9 2 9 ) t o detennine the 
oharges on gas tsabbles i n l i q u i d s , A small gas bubble was introduced 
i n to a glass tube f u l l o f l i q u i d . The tube was rotated by an e l e c t r i c 
motor and the bubble took up a pos i t i on along the axis of ro t a t i on . 
When a po t en t i a l di f ference was applied between electrodes at the ends 
5 0 , 
of the tube, the bubble moved along the tube and the charge on the 
bubble was deduced by considering the bubble v e l o c i t y , the viscous 
dra.g opposing migrat ion along the tube and the force on the bubble 
due t o the e l e c t r i c f i e l d , McfTaggert found i t necessary to use as 
smooth and regular a tube as possible t o prevent, or at any rate 
reduce, the tendency of the bubbles to take up an equ i l ib r ium pos-
i t i o n along the axis of r o t a t i o n of the tube corresponding to the 
maximum i n t e r n a l diameter of the tube. 
This system should work f o r any mater ia l i n a denser f l u i d 
and i t was decided t o attempt t o a l i g n an ice p a r t i c l e along the 
axis of a r o t a t i n g tube f i l l e d w i t h water at 0 ° C o I f i t acquires 
a charge as a r e su l t o f the motion o f the water i t should be possible 
t o apply an e l e c t r i c f i e l d and move the p a r t i c l e i n the same way as 
was done f o r a i r bubbles. 
Glass was not thought t o be a sui table mater ia l f o r the 
tube since the equipment would be man at low temperature and there 
would always be a r i s k of the enclosed water f r eez ing and f r a c t u r i n g 
the tube, Perepex or be t te r s t i l l , c lear polystyrene m i ^ t be more 
su i t ab le , but commercially produced tubes were found to vary i n i n t e r -
nal diameters by 5 t o IQ^ from t h e i r nominal bores. However, i t was 
found tha t perspex tubing could be turned on a lathe and re-polished 
w i t h an abrasive metal po l i sh to give a good transparent f i n i s h w i t h -
out much d i f f i c u l t y and i t was less l i k e l y to crack, warp or melt under 
these conditions than polystyrene. Therefore, i t was decided to use 
perspexp but since i t i s quite b r i t t l e , the addi t ional precaution o f 
seal ing the ends o f the tube w i t h t i g h t p u s h - f i t , brass electrodes was 
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taken. I n prac t ice , the tube never f rac tured due to the expansion 
of the contents on sudden f reez ing , and the increase i n volune was 
taken up by movement of the electrodes. 
The tube, see F i g o V . 2 . , was made from nominally 1 9 mm 
i n t e r n a l diameter perspex tubing which was c a r e f u l l y reamed out t o 
2 2 . 2 mm on a lathe using p a r a f f i n as a lubricant f o r the reaming t o o l . 
The outside o f the tube was also turned down s l i g h t l y t o prevent d i s -
t o r t i o n of the f i e l d of view when the tube was viewed through a micro-
scope due to s l i g h t i r r e g u l a r i t i e s on the tube's outer surface. Both 
surfaces of the tube wers then c a r e f u l l y polished w i t h metal pol ish to 
restore the o r i g i n a l glassy f i n i s h . The ends of the tube were sealed 
w i t h brass electrodes, as described above, but i t was found to be 
necessaiy t o f i t neoprene ' 0 ' - r ings (as shown i n P i g , V . 2 . ) to seal 
the tube, so as t o prevent water from being centr ifuged out from the 
very narrow gaps between the electrodes and the tube. Loss of water 
fix>m the tube allows microscopic a i r bubbles to appear i n the tube, 
i n t e r f e r i n g wi th the measurements, 
• The pu l ley-dr iven electrode i s mounted i n a b a l l bearing 
supported on an insu la t ing t u f n o l block bolted to a base board. 
The other electrode i s supported on a tapered, s tee l "centre" also 
mounted on a t u f n o l block. The pos i t i on of the "centre" i s adjustable 
so tha t play i n the bearing can be taken up. Before measurements are 
made the "centre" i s f i x e d by means of a lock-nut , A poten t ia l d i f f -
erence can be applied between the electrodes using carbon brushes 
rubbing on t h e i r exposed surfaceso 
The tube may be f i l l e d w i t h l i q u i d through a taper-tapped. 
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k B,A, hole which i s then sealed by a 4 B,A, nylon b o l t . 
Before commencing the experiments, the tube and electrodes 
were dismantled and scrubbed i n a soap so lu t i on . They were then 
thoroughly washed i n de-mineralised water and allowed to stand over-
night i n a 2 l i t r e beaker f u l l of de-mineralised water before r e -
assembly. The tube was f i l l e d w i t h water by in se r t ing the t i p of the 
needle of a hypodermic syringe in to the f i l l i n g hole and slowly pump-
ing water in to the tube, t i l t i n g the tube so as t o allow a l l the small 
air-pockets and bubbles, whidi were i n c l i n e d t o be trapped inside the 
tube, t o esca^je through the f i l l i n g hole . When a l l the a i r had been 
expelled, the tube was f i l l e d t o overf lowing and the nylon b o l t was 
inser ted, t ak ing care not to introduce any a i r bubbles. The whole 
apparatus was then t rans fe r red t o a cold-room maintained at between 
- 1 and - 3 °C. 
The cold-room had a working space measuring 1 . 4 m long by 
0 o 9 m wide by 2 , 4 m i n height and was f i t t e d w i t h a perspex window 
threugh whi<^ the tube sould be observed. Trap-doors were f i t t e d t o 
t h i s window t o enable adjustments t o be made to the appea°atus without 
entering the room, so tha t the temperature of the environment w i t h i n 
the cold-rpom could be maintained. 
Eventual ly , ice began to form on the surface of the electrodes. 
Usual ly , t h i s took the form of a t h i n sheet of glaze ice whid i could 
be removed by s w i t d i i n g the e l e c t r i c motor on f o r a few minutes t o 
b r ing the warmer water i n the middle of the tube i n t o contact w i t h the 
electrodes 5 but occasionally a l l the water became supercooled and 
f roze suddenly producing a spongy-ice and water mixture i n the tube. 
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When t h i s happened, the tube was rotated and gently wanned w i t h warm 
a i r from a h a i r - d r | e r u n t i l the l as t traces of ice had Just disapp-
eared. 
Having by these means obtained a tube f u l l of water at a 
temperature very cslose to the f reezing po in t , the nylon stopper was 
removed and a small s l i v e r of ice was introduced in to the tube. Any 
a i r which had also entered was removed as before using a hjpodennio 
syringe. The syringe was kept outside the oold=room to prevent the 
water i n the needle from f reez ing , but could be introduced in to the 
cold room through one of the t rap doors when required. 
The stopper was replaced i n the tube and the motor was 
switched on. The ice p a r t i c l e took up a p o s i t i o n along the axis of 
the tube, but at t h i s point d i f f i c u l t i e s arose. 
( i ) The ioe p a r t i c l e was never exactly spherical and 
usual ly i t was loxig, t h i n and angular. When i t took up a 
p o s i t i o n along the axis of the tube, i t s centre of g rav i ty 
may have been exactly on the axis of r o t a t i o n of the tube. 
However, a l t h o u ^ there was some tendency f o r the ice t o l i ne 
up w i t h i t s longest axis along the tube, t h i s was not very 
marked and usual ly the p a r t i c l e preoessed about the axis of 
rotation. This made observation of the pa r t i c l e through the 
t r a v e l l i n g microscope d i f f i c u l t , 
( i i ) Despite the precautions taken to ensure that the 
o 
water was as near 0 C as possible, i t was always s l i g h t l y 
above the melt ing point and the ios sp l in te r s virere a l l slowly 
mel t ing . Usual ly , less than two minutes of observation of the 
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p a r t i c l e s was possible , 
( i i i ) Although only ice specimens which were as f r ee of 
a i r bubbles as possible were intreduced i n t o the tube, they 
Hlways contained a few miorescopio bubbles. On mel t ing of 
the i ce , the bubbles were released in to the water and took 
up a pos i t i on along the axis o f retation. The a i r bubbles 
tended t o give an impulse t o the ice as they were released, 
causing the ice p a r t i c l e to move sharply along the tube 
each time a bubble was released. Often the ice p a r t i c l e was 
for®8d o f f the tube axis when bubbles were released. Elec-
t r i c a l meeusurements were impossible under these conditions 
and an atteinpt t o segregate ice pa r t i c l e s and a i r bubbles, 
by varying the speed o f r o t a t i o n of the tube was unsuccess-
f u l . 
Therefore, another apprach to the problem o f measuring a 
zeta p o t e n t i a l was t r i e d , 
V o 3 o E l e c t r i c a l Measurements w i t h Ice Tubes, 
The relationship between the p o t e n t i a l d i f fe rence produced 
between the ends of a c a p i l l a r y tube and the zeta p o t e n t i a l between 
the mater ia l of the tube and the l i q u i d f l owing t h r o u ^ i t was derived 
i n Section 1 1 1 , 3 , Therefore, i f i t i s possible t o measure a po t en t i a l 
d i f fe rence between the ends of an ice tube threugh whid i water, or a 
d i l u t e aqueous so lu t ion , i s f l o w i n g and previdsd tha t t h i s po t en t i a l 
i s caused by the movement of a p o r t i o n of the e l e c t r i c double layer , 
i t w i l l be possible t o calculate a value f o r the zeta p o t e n t i a l . 
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I n discussing the mechanics of flow-charging of l iqu ids 
f l owing througjti tubes, Loeb ( 1 9 5 8 ) states that only l i m i t e d charge 
separation would be possible i f the resistance of the solu t ion 
re tu rn path was so low that the charge leakage rate nearly equalled 
the generation ra te . Plow e l e c t r i f i c a t i o n i n large tubes and f o r 
bulk movement has been observed to be confined t o l iqu ids having 
a volume r B s l s t i v i t y i n excess of 1 0 ^ Sh m. Water and d i lu te ion ic 
solut ions w i t h r e s i s t i v i t i e s i n the range 1 0 ^ t o \(t<fi m would not 
be e j e c t e d to give detectable e l e c t r i f i c a t i o n under such conditions, 
- 7 - 2 but Loeb points out tha t i n glass tubes of 1 0 m radius, even 1 0 
molar potassium chloride so lu t ion w i t h a r e s i s t i v i t y of about I0<ftm 
should give e l e c t r i f i c a t i o n . Therefore, i t should be possible t o 
detect any f low e l e c t r i f i c a t i o n produced by very d i lu t e ionic solutions 
i n a tube w i t h an i n t e rna l diameter of about 1 mm or less and a 
length of at least 10 mm. 
I t i s also essential i n streaming, or f l o w , po ten t i a l 
measurements that the resistance of the tube i t s e l f should be large, 
so that the diarge separated does not leak away through the s o l i d . 
The r e s i s t i v i t y of ioe at temperatures near f reezing i s about two 
orders of magnitude greater than that of water. Therefore, provided 
tha t the cross sect ional area of the ice tube i s not greater than 
1 0 0 times tha t of the l i q u i d column, the diarge separated should 
s t i l l be detectable. Thus i t appears that i t should be possible to 
detect a streaming p o t e n t i a l produced by water f lowing t h r o u ^ an 
ice tube. 
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V, 3 ( a ) . Experiments w i t h unsupported ice c a p i l l a r y tubes. 
I f i t were possible to manufacture an ice c a p i l l a r y tube 
whid i was supported at each end only by an electrode, many sources 
of spurious charges generated by changes of temperature and mech-
an ica l shocks on the insu la t ing mater ia l of a support tube would be 
e l iminated. Tests w i t h various types of mould showed that i t was 
possible t o produce c a p i l l a r y tubes of about 1 0 0 mm length , w i t h an 
i n t e r n a l diameter of 1 . 5 mm and an external diameter of 1 0 , 8 mm, 
complete w i t h brass electrodes by the f o l l o w i n g method, 
A brass mould, of the type shown i n P i g o V . 3 o , was disman-
t l e d , washed i n a soap so lu t i on , r insed t h o r o u ^ l y w i t h de-mineralised 
water and re-assembled. I t was then f i l l e d w i t h water, using a hypo-
dermic syr inge, t ak ing care t o ensure tha t no a i r bubbles were l e f t i n 
the mould. The mould was t r ans fe r red to a refrigerator and l e f t there 
u n t i l the water f r e z e . 
I f the refrigerator was maintained at a temperature of about 
= 3 0 0 , the resulting ice tube was opaque and contained many small 
a i r bubbles. These ice tubes were very f r a g i l e . However, i f the 
refrigerator was at between 0 ° 0 and - 5 ° C and the mould was l e f t 
at t h i s temperature f o r about a week before i t was opened, a clear, 
strong ice tube was produced which was composed of only a few large 
crys ta ls and contained fewer, but Isirger, a i r bubbles. 
While they were s t i l l i n the r e f r i g e r a t o r , the ice tubes 
were removed from the moulds i n the f o l l o w i n g way. F i r s t l y , the 
s tainless s teel wire was rotated t o f r e e i t from the ice and then 
i t was smoothly withdrawn from the mould. Secondly, one of the end 
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caps was removed by warming i t gently by holding i t i n the hand 
f o r a second or two and then quickly unscrewing i t from the electrode. 
The f i l l i n g hole was checked to ensure that i t was f ree of ice and 
the brass body of the mould was withdrawn from the ice tube by 
warming i t gent ly by hand and slowly easing the ice out by p u l l i n g 
on the remaining end cap. F i n a l l y the end cap was unscrewed from 
the electrode. 
About one c a p i l l a r y tube i n f i v e could be successfully 
obtained by t h i s procedure. The remainder shattered or cracked on 
removal from the mould or else the cap i l l a ry became blocked as a 
result o f a small drop o f water f i n d i n g i t s way in to an electrode and 
f reez ing there . 
I n order t o measure streaming po ten t ia l s , the tube was 
Eoounted v e r t i c a l l y i n the r e f r i g e r a t o r w i t h short lengths of brass 
tubing screwed onto the electrodes. The lower tube was connected t o 
earth and clamped, the upper tube was connected to a vibrat ing-reed 
electrometer. Short lengths of clear 1 0 mm P,V,C, tubing were attati ied 
t c the brass tubds and pyrex separating funnels were inserted in to the 
open ends of the tub ing . (See F i g . V . 4 . ) The electrometer was used 
without a shunting resistance across i t s input . On the f i r s t occasion 
tha t t h i s was done a steady de f l ec t ion of about 3 0 mV was obtained 
which was eventually traced to using electrodes made from d i f f e r e n t 
pieces o f brass. Thereafter , a l l electrodes were made i n matching 
pa i rs from the same piece of brass and standing electrode potentials 
were reduced t o a few m i l l i v o l t s . 
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A mixture of crushed ice and water was poured in to the 
upper separating fUnnel and the taps were opened. Depending on the 
r e f r i g e r a t o r temperature, one of two things happened. E i t he r the 
water f roze i n the tube, blocking i t completely, or the lower elec-
trode qu ick ly became warmed, melted the surrounding ice and became 
detached from the ice tube. I n both cases, the po ten t i a l s measured 
by the electrometer were e r r a t i c and of the order o f tens of m i l l i v o l t s . 
I n a l l these experiments, i t had proved to be impossible to 
con t ro l the temperature of the water or ice s u f f i c i e n t l y w e l l t o ensure 
tha t the conditions were stable f o r long enou^ t o measure an e lec t ro -
k i n e t i c e f f e c t . I n an attempt t o produce water continuously at 0 °C, 
water was made t o f low through clear^P.V.Co tub ing ,wi th an i n t e r n a l 
diameter of 1 0 mm,which was immersed i n a r e f r i g e r a t e d tank f i l l e d w i t h 
methylated s p i r i t , maintained at a temperature of - 2 5 ° G. The water 
whida emerged never quite readied 0 ° C and eventually the f low ceased. 
When the tube was examined i t was seen to have become blocked w i t h ice 
containing many small a i r bubbles. These appeared t o be arranged i n 
streams beginning at the walls of the tube, but on nearing the centre o f 
the tube, they had bent over towards the d i r e c t i o n of the f low u n t i l they 
had jo ined t o form a t h i n column along the axis of the tube about 
0 . 5 mm i n diameter. This indica ted tha t ice had f i r s t formed on the 
wal ls o f the tubing and had gradual ly become th i cke r u n t i l a c a p i l l a r y 
tube was formed. I t appeared tha t t h i s method could be used to make an 
ice c a p i l l a r y tube i n s i t u i n an insu la t ing support tube. Fur ther , by 
changing the temperature o f the coolant, the temperature of the water 
or the rate o f f l o w o f the coolant, the f reez ing rate could be changed. 
t o e l e c t r o m e t e r 
^ t o vacuum 
pump-
co-ax . ou t le t 
r u b b e r gaskets, 
water 
t o , , 
re f r i ge ra to r | 
t ank 
cold di lute 
an t i - f reeze 
so lu t ion 
water 
need le 
va lve 
0 4 
t 
' 1 
• brass 
- tubes 
-w i th 
s i lver-
soldered 
- j o i n t s 
T " Ear th 
scale.cm. 
fnom pump 
Fig.V.5. APPARATUS FOR MEASURING THE 
ELECTRIFICATION OF WATER ON FLOWING 
THROUGH A PERSPEX-SUPPORTED ICE 
TUBE. 
5 9 c 
I n this way, the r e q u i r e d degree o f temperature stability f o r the 
measurement o f an electrokinetic e f f e c t might be obtainedB The 
f i rs t piecje o f apparatus built t o t e s t this i dea d i d not work i n 
quite the desired way, but d i d p rov ide some interesting results. 
Vo 3 ( b ) The gerspex tube exper iments . 
The perspex tube 1 5 5 l ong w i t h an i n t e r n a l diameter o f 
5 o 3 nnn and an e x t e r n a l d iameter o f 1 2 . 5 nm i s mounted i n s i d s th ree 
c o - a x i a l brass c y l i n d e r s as shown i n PigpVo5o A l l the J o i n t s between 
these c y l i n d e r s , t he end p l a t e s and f i t t i n g s were s i l v e r - s o l d e r e d t o 
ensure good e l e c t r i c a l con tac t at low temperatures, (See Appendix 2 . ) 
A s m a l l , brass cup i s f i t t e d t o the upper e lec t rode and connected, 
v i a a c o - a x i a l l e a d , t o a v i b r a t i n g - r e e d e lect rometero 
A 3 3 J? aqueous a n t i - f r e e z e s o l u t i o n ( c o n t a i n i n g ethy lene 
g l y c o l and methanol) was pvmiped i n t o t he space between t h e i n n e r two 
brass tubes t o a l e v e l d e t e m i n e d by the e x i t t u b e . The innermost , 
ea r t hed , brass tube was found t o be necessary t o e l im ina te charg ing 
o f the perspex tube by t he a n t i - f r e e z e so lu t i ono The a n t i - f r e e z e 
s o l u t i o n was returned t o a 6 5 l i t r e - c a p a c i t y refrigerated t a n k , 
ma in ta ined a t - 1 5 °C , f rom w h i d i i t was re-circulated by a Stewart 
and Tu rne r c e n t r i f u g a l pun?), w i t h a maximnm pumping ra te of 6 . 5 
l i t r e s p e r m inu te . 
De -m ine ra l i sed water was poured i n t o the space between the 
o u t e r two brass c y l i n d e r s , w i t h the needle va lve below the ear thed 
e l e c t r o d e i n t he c losed p o s i t i o n . When i ce s t a r t e d t o form on the 
i n n e r w a l l o f the wa te r reservoir the ou te r l i d was f i x e d i n p o s i t i o n 
60. 
and the needle va lve was opened. Water f l owed i n t o the perspex 
tube and, a f t e r one o r two m inu tes , t h e vacuum pump was swi tched on 
and the wa te r f l owed out o f the tube back i n t o the r e s e r v o i r . There-
a f t e r , t he vacuum pump was sw i tched on and o f f at between one and two 
minate i n t e r v a l s . 
When t h e r e was no i ce present i n the t u b e , t he e l ec t r ome te r 
read ings f o l l o w e d the c h a r a c t e r i s t i c p a t t e r n shown i n P i g . V , 6 , The 
upper t r a c e was ob ta ined w i t h the l i d o f the midd le tube removed, the 
l ower t r a c e , w i t h t he l i d i n p o s i t i o n . The va r i ous p o i n t s marked 
a long the t r a c e correspond t o ope ra t i ons which were per fo imed,and 
v i s u a l observa t ions made,at t h a t t i m e . F i g . V o 6 c shows t h a t when water 
was i n t h e perspex t u b e , i n t h e absence o f i c e , t h e r e was a sma l l 
s t and ing p o t e n t i a l o f - 1 0 mV which was not a f f e c t e d by t he presence 
o f the ope ra to r when t h e l i d was removed. Subsequent " r u n s " were made 
w i t h t h e l i d removed so t h a t v i s u a l observa t ions c o u l d be- made. 
When t h e wa te r had been f o r c e d Tjaokward and f o r w a r d th rough 
the tube t h r e e o r f o u r t i m e s , an abrupt change was observed on the 
e l e c t r o m e t e r t r a c e , (See F i g o V . ? . ) By s topp ing t h e exper iment a t t h i s 
p o i n t on o t h e r occas ions , t h i s change was c o r r e l a t e d w i t h the appearance 
o f i c e i n t he t u b e . The appearance o f a nega t i ve peak on t h e r eco rde r 
t r a c e was always seen t o be f o l l o w e d by the appearance o f an a i r bubble 
o f about 1 mm d iameter i n t he brass cup above the e l e c t r o d e . A t about 
t h i s t i m e , t he l i q u i d column i n the tube must have become b locked , 
because t h e • l i q u i d l e v e l i n t he cup was seen t o have s topped r i s i n g o r 
f a l l i n g . I f t h e tube was d i sman t l ed a t t h i s s tage , an i c e r o d was fo i ind 
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t o be f i l l i n g the perspex tube and examinat ion of t h i s rod showed 
t h a t i t had been formed c o - a x i a l l y . When the l a r g e , b road, neg-
a t i v e peak had been recorded by the e l ec t rome te r , the a n t i - f r e e z e 
pump was sw i t ched o f f and the a n t i f reeze s o l u t i o n dra ined q u i c k l y 
out o f t he appara tus . The e lec t remete r reading g r a d a a l l y f e l l 
toward zero and, about one minute l a t e r , more peaks and bubbles 
were observed, but t h i s t ime the peaks were p o s i t i v e and sharper 
t h a n the negat ive peaks had been. The p o s i t i v e peaks e v e n t u a l l y 
-became l e s s f requen t and u l t i m a t e l y , d i e d away a l t o g e t h e r . A t t h i s 
t i m e , t h e wa te r was seen t o be moving i n the cup once more. 
The recorder used i n these experiments was a Watanabe 
M i n i w r i t e r , t ype 2 0 1 L . U n f o r t u n a t e l y , i t was not ava i l ab le f o r 
most o f t he p e r i o d d u r i n g w h i d i these experiments were being p e r f o r -
med, and no o t h e r recorder a v a i l a b l e a t the t ime responded q u i c k l y 
enough t o t he changes i n p o t e n t i a l f o r a l l t he d e t a i l e d fea tu res t o 
be recorded. However, a l though o n l y f o u r t r aces have been ob ta ined , 
(see Appendix 3 ) > t he c h a r a c t e r i s t i c pa t t e rns were observed on each 
o f t e n occasions over a p e r i o d o f one month, us ing samples o f ds -
m i n e r a l i s e d water f r om the same b o t t l e . 
These results cou ld not be expladned a t the t i m e , but s ince 
t h e y appeared t o be assoc ia ted w i t h the f r e e z i n g and m e l t i n g o f water 
and i c e , and w i t h t h e p r o d u c t i o n o f a i r bubbles, two o the r se r ies o f 
exper iments were per formed: 
( i ) Workman and Reynolds- type experiments t o measure 
f r e e z i n g p o t e n t i a l s , and 
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( i i ) the measurement o f the e l e c t r i c p o t e n t i a l 
d i f f e r e n c e s developed between water e n t e r i n g i n t o , and 
emerging f r o m , the ends o f an i ce tube suppor ted i n a 
g lass t u b e . 
These exper iments are r e p o r t e d i n Chapters V I and V I I 
r e s p e c t i v e l y , and a d i s c u s s i o n o f the r e s u l t s ob ta ined i n the 
exper iment d e s c r i b e d above i n V . 3 ( h ) . i s d e f e r r e d u n t i l Chapter 
V I I o 
~ water 
cold dilute anti-freeze solution 
metal 
box 
THE BASIC FREEZING CELL. 
CHAPTER V I . 
THE FREEZING POTENTIAL MEASUBEMENTS. 
V I , 1 . The Design o f the Apparatus. 
D u r i n g the course of the work, the f i t t i n g s on the 
f r e e z i n g c e l l were a l t e r e d as p a r t i c u l a r aspects o f f r e e z i n g 
phenomena were i n v e s t i g a t e d . I n i t s f i n a l fo rm the f r e e z i n g 
c e l l i s shown i n F i g . V I , 7 and F i g . V I . 8 , but t he perspex 
c y l i n d e r w i t h i t s l i d , the meta l c o o l i n g chamber and the f l a t 
upper .e lec t rode were -'common t o a l l m o d i f i c a t i o n s o f the appar-
a t u s . The b a s i c f r e e z i n g c e l l i s shown i n F i g . V I . 1 , 
V I , l ( a ) The s ize of the f r e e z i n g c e l l . 
Workman and Reynolds ( 1 9 5 0 ) s t a t e t h a t the charge 
s e p a r a t i o n mechanism ope ra t i ng when d i l u t e a^queous so lu t i ons are 
f r o z e n i s t h a t ions o f one s i g n are p r e f e r e n t i a l l y incorpora ted 
i n t o the i c e , l e a v i n g an excess o f ions o f the opposi te s i gn i n 
the wa te r , A g iven ra te o f i n c o i ^ o r a t i o n o f the ions i n t o the i ce 
w i l l l e a d t o a pa r t i cu leo - r a te o f charge sepai rat ion. However, the 
p o t e n t i a l d i f f e r e n c e between the i ce and the water i s not s o l e l y a 
f u n c t i o n o f the charge sepa ra t i on r a t e , i t i s a l so a f u n c t i o n o f the 
charge n e u t r a l i s a t i o n r a t e , wh ich i s p r i n c i p a l l y governed by t he 
leakage res i s t ance o f the i c e / w a t e r i n t e r f a c e . I f the area o f the 
i n t e r f a c e i s doub led , f o r a p a r t i c u l a r ra te o f t r a n s f e r o f ions pe r 
u n i t a rea , the charge separated w i l l be doubled. But s i nce , at the 
same t i m e , the i n t e r f a c i a l res i s tance w i l l be h a l v e d , the p o t e n t i a l 
d i f f e r e n c e w i l l be unchanged. 
Us ing a l a r g e r i n t e r f a c i a l area has the advantage t h a t any 
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. poss i b l e edge e f f e c t s , a t the w a l l s o f t he c e l l , would be reduced, 
A f r e e z i n g c e l l o f 7 6 mm d iameter was used, which would h o l d a 
maximum of about 1 0 0 m l o f s o l u t i o n . T h i s c e l l i s r a t h e r l a r g e r 
t h a n t h a t used by most o t h e r workere , 
V I , l ( b ) . The method o f c o o l i n g the f r e e z i n g f a c e . 
The method used by Workman and Reynolds was t o coo l a 
l a rge copper b l ock i n a refrigerator and rely on the heat capac i t y 
o f t h e b l o c k t o c o o l t h e f r e e z i n g face i n t he f r e e z i n g c e l l , (See 
P i g . I I I . 2 . ) The p r i n c i p l e o f u s i n g a mass ive, me ta l h e a t - s i n k has 
s ince been used by most workers i n t h i s f i e l d . I n the hope o f be ing 
able t o o b t a i n much more r a p i d changes i n the temperature o f the 
f r e e z i n g f a c e , i t was dec ided t o use o n l y a relatively s m a l l , meta l 
h e a t - s i n k and t o pump a l i q u i d coo lan t eireund i t . The r a t e o f f r e e z i n g 
cou ld t h e n be changed du r i ng the course o f a " r u n " , by changing e i t h e r 
t he r a t e o f f l o w o f the coo lan t past t he f r e e z i n g face o r the temper-
a tu re o f t h e c o o l a n t . M e t h y l a t e d s p i r i t o r p a r a f f i n o i l c o u l d have 
been used as the coo lant but bo th s u f f e r f rom d isadvantages , Berr in ian 
( p r i v a t e communication) has n o t i c e d t h a t the appearance o f i c e c r y s t a l s 
growing by s u b l i m a t i o n i s m o d i f i e d by the presence o f p a r a f f i n v a l -
o u r , and p a r a f f i n has an apprec iab le vapour pressure a t temperatures 
below 0 ° C. Condensat ion o f p a r a f f i n vapour onto the sur face o f 
wa te r i n t h e f r e e z i n g c e l l would a f f e c t the s o l u b i l i t y o f a i r i n the 
water and might a f f e c t the c r y s t a l s t r u c t u r e o f the i ce produced. 
M e t h y l a t e d s p i r i t i s a l so v o l a t i l e and t e s t s showed t h a t O . 5 m l o f 
me thy la ted s p i r i t pe r 1 0 0 m l o f water changed the appearance o f t he 
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i c e produced i n a f r e e z i n g c e l l f rom a hard , coherent coa t ing 
t o a s o f t mass o f needle-shaped c r y s t a l s . I t a lso has the d i s -
advantage o f being h i ^ l y flammable and a d d i t i o n a l p recaut ions 
must be taken i f i t i s t o be pun^jed around the l a b o r a t o r y . A 
3 3 ^ 0 , aqueous, a n t i - f r e e a e s o l u t i o n has fewer d isadvantages, because, 
a l though i t con ta ins e thy lene g l y c o l and methanol t o depress the 
f r e e z i n g - p o i n t o f t he wa te r , t h e p a r t i a l vapour pressures o f the 
v o l a t i l e c o n s t i t u e n t s are cons ide rab l y reduced by the presence 
o f t h e wa te r and, t h e r e f o r e , the l a b o r a t o r y a i r i s l ess l i k e l y t o 
become contaminated^, The s o l u t i o n i s non-flammable and can be 
s a f e l y pumped w i t h an unpro tec ted pump. When i t i s used as a 
o 
c o o l a n t , temperatures as low as - 3 0 C can be achieved, 
A conjparison o f the heat c a p a c i t i e s and s p e c i f i c heats 
o f t h e l owe r e lec t rode and o f i c e , showed t h a t the temperature drop 
across t h e lower e l ec t r ode was n e g l i g i b l e once the re was more t han 
1 nan o f i ce cover ing t he e l e c t r o d e . 
V I . l ( c ) The nature o f the e l e c t r o d e s . 
F i v e f r e e z i n g c e l l s were made i n a l l , one w i t h aluminium 
e l e c t r o d e s , one w i t h s t a i n l e s s s t e e l e lec t rodes and two w i t h brass 
e l e c t r o d e s . The remain ing c e l l a lso had brass e l e c t r o d e s , but 
be fo re t h e perspex c y l i n d e r was f i x e d i n p o s i t i o n , go l d was evap-
o r a t e d onto the e lec t rode su r f aces . T h i s c e l l was never used i n the 
measurement o f f r e e z i n g p o t e n t i a l s because even gen t le coo l i ng o f the 
l ower face caused the g o l d c o a t i n g t o p e e l o f f . However, i t was 
u s e f u l as a cheek t o see whether the change i n eonduGt i v i t y 
o f t he s o l u t i o n s , w i t h t i m e , was a f u n c t i o n o f the 
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e l e c t r o d e m a t e r i a l , (See S e c t i o n V I , 5 ( b ) . ) 
A l l t he c e l l s were t h e same s i ze and each p a i r o f e l e c -
t r o d e s was made f rom t h e same p iece o f meta l t o e l i m i n a t e e lec t rede 
p o t e n t i a l s . A l l t h e e lec t rodes were h i g h l y p o l i s h e d . The upper 
e l e c t r o d e c o n s i s t s o f a me ta l d i s c , 7k- ram i n d iameter and about 5 ™i 
t h i c k , mounted on a me ta l r o d by meaxis o f a no . 0 B.A. tapped ho le 
t h rough i t s c e n t r e . The l owe r e l e c t r o d e comprises t he upper sur face 
o f t he c o o l i n g chamber, t h rough which the a n t i - f r e e z e s o l u t i o n i s 
pumped. T h i s e l e c t r o d e i s 1 0 2 mm i n d iameter and 5 mm t h i c k and, 
i n t h e case o f a l l except t he a lumini imi e l e c t r o d e , i t i s s i l v e r -
so l de red t o t h e rest o f t h e c o o l i n g chamber. The aluminium c o o l i n g 
chamber i s b o l t e d t o g e t h e r w i t h b r a s s , 6 B.A, b o l t s . 
Va r i ous methods o f a t t a c h i n g the perspex tube t o the l ower 
e l e c t r o d e were t r i e d . The problem weis t o bond perepex t o a me ta l i n 
a way wh ich wou ld not break when the meta l c o n t r a c t e d on c o o l i n g . 
The f o l l o w i n g method was found t o be s a t i s f a c t o r y , even when t h e 
c e l l was coo led r a p i d l y f rom + 3 0 °G t o - 2 5 °G. 
A 6 . 1 » . mm wide r i n g , w i t h an i n t e r n a l d iameter o f 7 6 mm, 
was cu t i n t o the l ower e l e c t r o d e t o a depth o f 2 mm. The perspex 
tube was cemented i n t o t h i s r i n g w i t h A r a l d i t e , an e p o x y - r e s i n . Care 
was taken t o ensure t h a t a l l t r aces o f resin were removed f rom the 
e l e c t r o d e su r face and the r e s i n was cured a t 5 0 °C f o r 2h- houre 
before use . 
Before each new s o l u t i o n was put i n t o a f r e e z i n g c e l l , 
t he e l e c t r o d e sur faces were p o l i s h e d t o remove ox ide f i l m s . A l l 
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t r a c e s o f me ta l p o l i s h were removed by washing t ho rough l y w i t h 
a l i q u i d detergent and r i n s i n g w i t h de -minera l i sed water u n t i l no 
change i n t he c o n d u c t i v i t y o f the water was de tec tab le , 
V I , 2 . E a r l y Exper iments w i t h the F reez ing C e l l s . 
V I . 2 (a) General exper imenta l method. 
The cleaned c e l l was f i l l e d w i t h a s o l u t i o n made f rom 
d e - m i n e r a l i s e d water o f r e s i s t i v i t y 1 0 cfij m o r more. The upper 
e l ec t r ode and l i d were f i x e d i n p o s i t i o n , t a k i n g care t o ensure t h a t 
no a i r bubbles were t rapped under the e l e c t r o d e . Th is e lec t rode was 
connected t o t h e e l e c t r o m e t e r , which was g iven an inpu t impedance o f 
1 0 , ' 
1 0 eTb . G i l l ( 1 9 5 3 ) r e p o r t s t h a t such an impedance a l lows the 
measurement o f t r u e open c i r c u i t p o t e n t i a l s , and i n f a c t t e s t s showed 
t h a t t h e r e was no d i f f e r e n c e i n e lec t rome te r reading when i t was not 
shunted , but spur ious e f f e c t s , e . g . p i e z o - e l e c t r i c e f f e c t s i n the co -
a x i a l c a b l e , inc reased i n magnitude. The lower e lec t rode was ear thed . 
The e l e c t r o m e t e r readings were recorded by a Watanabe M i n i w r i t e r 201 L , 
s i n g l e - c h a n n e l , p o t e n t i o m e t r i c recorder. 
The a n t i - f r e e z e s o l u t i o n was pumped f rom the bottom of an 
80 l i t r e - c a p a c i t y , refrigerated t a n k , th rough the c o o l i n g chamber 
and back t o t he t o p o f t he t a n k . The maximum o b t a i n a b l e , coo lant 
f l o w r a t e was about 10 l i t r e s pe r m inu te . 
V I . 2(b) Observa t ions . 
When i ce appeared on the sur face o f the lower e l e c t r o d e , 
the e l e c t r o m e t e r r e g i s t e r e d a d e f l e c t i o n , which might be any th ing 
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f r o m about 1 0 0 mV t o 1 5 V , w i t h t h e wa te r p o s i t i v e w i t h respect 
t o t h e i c e i n almost every case. (See P i g . V I . 2 . ) The p o t e n t i a l 
d i f f e r e n c e s u s u a l l y f e l l away as t ime inc reased and sometimes the 
water became negat ive w i t h respect t o the i c e , t u t t h e r e were excep-
t i o n s t o t h i s and some o f t h e v o l t age -aga ins t - t ime graphs showed 
two o r t h r e e maxima. When the i ce reached the upper e l e c t r o d e , 
p o s i t i v e p o t e n t i a l s f e l l away t o zero and were replaced by negat ive 
p o t e n t i a l s , v* i idh p e r s i s t e d even when the upper e l e c t r e d e was sub-
merged i n t he i ce and a l l t he water was f r e z e n . These negat ive p o t -
e n t i a l s were o f t he o rde r o f - 1 0 0 mV. Perhaps the most s i g n i f i c a n t 
o b s e r v a t i o n i n these e a r l y exper iments , was t h a t t h e p o t e n t i a l 
d i f f e r e n c e s were not reproducible, even when repeated measurements 
were made on t h e same s o l u t i o n o r when d i f f e r e n t p o r t i o n s o f the 
same s o l u t i o n were used. 
However, the v o l t a g e - a g a i n s t - t i m e graphs appeared t o 
become more repreducible a f t e r t h e f i r s t few f r e e z i n g s and me l t i ngs 
w i t h the same sample o f wa te r on the same day. Two parametere are 
l i k e l y t o change a f t e r two o r t h ree f r e e z i n g s , 
( i ) the amount o f a i r d i s s o l v e d i n the w a t e r , and 
( i i ) the f r e e z i n g r a t e . 
That the f r e e z i n g p o t e n t i a l depends on the f r e e z i n g r a t e 
was demonstrated by p a r t i a l l y restricting the f l o w o f coo lan t du r i ng 
t h e course o f a f r e e z i n g r u n . A f a l l i n t h e p o s i t i v e f r e e z i n g p o t -
e n t i a l s was n o t e d . When t h e f l o w r a t e was i nc reased , t h e f r e e z i n g 
p o t e n t i a l s i nc reased . 
The conc l us i on t h a t t h e amount o f a i r i n t h e water wou ld 
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change, and t h a t t h i s a l t e r s the f r e e z i n g p o t e n t i a l s may be 
j u s t i f i e d i n the f o l l o w i n g way. A i r i s much l ess so lub le i n i ce 
thajn. i n wa te r ; t h e r e f o r e , when a sa tu ra ted s o l u t i o n o f a i r i n 
water i s f r o z e n , the a i r i s f o r c e d out o f s o l u t i o n and a i r bubbles 
are produced a t t he w a t e r / i c e i n t e r f a c e . Some of these bubbles 
r i s e up t h rough the s o l u t i o n and are e i t h e r c o l l e c t e d by the 
upper e l ec t r ede o r f l o a t past the e lec t rede t o bu rs t at the water 
s u r f a c e . However, most o f the a i r i s h e l d , by sur face t e n s i o n , 
t o t h e w a t e r / i c e i n t e r f a c e and, as the i ce sur face advances i t 
tends t o over take the bubb les . There fo re , the bubbles become 
e longa ted i n the d i r e c t i o n o f mot ion o f the i n t e r f a c e aind, u l t i m -
a t e l y , t hey become t rapped i n the i ce phase. When a i r - f r e e water 
i s ei l lowed t o s tand i n a i r , i t s l ow l y absorbs ear u n t i l an e q u i l -
i b r i u m i s e s t a b l i s h e d between the pressure and temperature o f the 
a i r and t h e wa te r , and the amount o f a i r d i s s o l v e d . There fo re , 
water which has been i n con tac t w i t h a i r overn ight w i l l be i n 
e q u i l i b r i u m w i t h t h e . sur reund ing a i r . When t h i s sample o f water 
i s f r e z e n , some o f the a i r w i l l be expe l l ed f rom s o l u t i o n and on 
m e l t i n g t he i c e , a i r w i l l beg in t o be re-absorbed i n t o the water . 
I f i n s u f f i c i e n t t ime i s a l l owed t o elapse f o r e q u i l i b r i u m t o be 
re-established before the s o l u t i o n i s f r o z e n aga in , the s o l u t i o n 
w i l l have l e s s a i r d i sso l ved i n i t t han on the prev ious occas ion. 
The re fo re , when t h i s s o l u t i o n i s f r e z e n , fewer bubbles w i l l be rel-
eased i n t h e i n t e r f a c e and the i n t e r f a c i a l resistance w i l l be lower . 
Hence, the leakage c u r r e n t w i l l be increased and the resultant 
f r e e z i n g p o t e n t i a l , f o r the same r a t e o f d iarge sepa ra t i on , w i l l be 
70. 
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Experiments were designed t o i n v e s t i g a t e these e f f e c t s . 
V I . 3. The E f f e c t o f A i r Bubbles on t h e F reez ing P o t e n t i a l s . 
A convenient way o f d i s t u r b i n g the a i r - w a t e r - i c e e q u i l -
i b r i u m i s t o change the pressure o f the a i r above the l i q u i d . Th i s 
was done by p a r t i a l l y evacua t ing the a i r - space i n the f r e e z i n g c e l l . 
The l i d o f a b a s i c , b ras s -e l ec t rode f r e e z i n g c e l l was f i t t e d 
w i t h an a i r - b l e e d va lve and was connected t o a vacuum pmsp. (See P i g . 
V I . 3 . ) The screw threads i n the l i d o f the c e l l were sea led w i t h 
p o l y - t e t r a f l u o r o - e t h y l e n e ( P . T . P . E , ) r i b b o n on assembly. About 50 ^ 
o f d e - m i n e r a l i s e d wa te r were used i n these experiments and i t was 
f o u n d t h a t p r ec i s e c o n t r o l o f the a i r pressure w i t h i n t h e c e l l was 
not p o s s i b l e , owing t o the r e l a t i v e l y s m a l l volume o f a i r i n the 
csell compared t o the c a p a c i t y o f the vacuum pump. On the o t h e r 
hand a h i g h c a p a c i t y pump was needed, i n o rde r t h a t r a p i d changes 
i n pressure c o u l d be made when necessary. An Edwards E.S.^43 
•aouum piamp, capable o f pumping 47 l i t r e s o f a i r p e r m inu t e , a t 
atmospheric p ressu re , was used and the r e s u l t s are c h a r a c t e r i s e d 
as those o b t a i n e d , "under normal pressure" and those ob ta ined "under 
reduced p re s su re" . 
GsLse 1o I f t h e a i r pressure was reduced be fo re i c e was 
present i n t h e c e l l , v e r y l i t t l e change was no ted i n t h e f r e e z i n g 
p o t e n t i a l s . (See P i g . V I . i f . ) There was some evidence t h a t the 
p o t e n t i a l d i f f e r e n c e s were l e s s t han under normal p ressure , but the 
d i f f e r e n c e s were l ess t h a n the normal v a r i a t i o n s i n consecut ive 
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Fig.V] .3 APPARATUS TO DETERMINE THE 
EFFECT OF AIR BUBBLES ON 
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f r e e z i n g p o t e n t i a l s and not s t a t i s t i c a l l y s i g n i f i c a n t . When 
the a i r pressure over t h e wa te r was a l lowed t o r e t u r n t o normal, 
d u r i n g the course o f a r u n , a r a p i d f a l l o f 100 mV was noted i n 
the vo l t age o S i m i l a r l y , when the vacuum pun?) weis switched on 
aga in , a f a l l o f 200 mV was recorded. 
Case 2 , I f some o f the water was f i r s t f r o z e n under normal 
a i r p ressure , and t hen the vacuum pump was swi tched on, very l i t t l e 
change was notedo However, when the a i r pressure was a l lowed t o 
r e t u r n t o normal , a sharp f a l l o f up t o 400 mV was noted, (See 
PigoYIo5.) 
These appa ren t ly c o n f l i c t i n g r e s u l t s may, perhaps, be 
e x p l i c a b l e i n terms o f the volume occupied by the a i r bubbles w i t h i n 
the i n t e r f a c e o The i ce produced by changing the a i r pressure repeat-
e d l y had bands o f v a r y i n g o p a c i t y , showing t h a t e i t h e r the number o f 
bubbles o r the volume occupied by them, had changed. Apart f r o m t h i s , 
no d i r e c t evidence has been ob ta ined t o support the exp lana t ion put 
f o r w a r d below. 
L e t us cons ider a s i n g l e bubble i n the i n t e r f a c e , (See 
F i g o V I o 6 c ) I f t he a i r pressure above t h e l i q u i d i s reduced, the 
bubble w i l l increase i n volume. I f the bubble breaks away f r o m the 
s u r f a c e , the i n t e r f a c i a l resistance w i l l f a l l . Th i s i s more l i k e l y 
t o occur f o r i n i t i a l l y l a rge bubbles than f o r sma l l e r ones and, 
t h e r e f o r e , i t i s more l i k e l y t o happen i n Case ( l ) . When the 
i n t e r f a e i a l resistance f a l l s , the p o t e n t i a l d i f f e r e n c e also f a l l s . 
However, i f the en la rged bubble remains at the i n t e r f a c e and the 
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iee begins t o advance around i t , t h e i n t e r f a c i a l r e s i s t ance w i l l 
s l o w l y i nc rea se . Since the r a t e o f f r e e z i n g w i l l be f a l l i n g , 
the e f f e c t o f t h i s increase i n r e s i s t ance on t h e f r e e z i n g po t en -
t i a l w i l l be o f f s e t , t o some e x t e n t . I f the a i r pressure i s now 
a l lowed t o r e t u r n t o nonna l , the bubble w i l l s h r i n k , and may 
r e t r a c t i n t o the i c e comple t e ly . Water c o u l d t hen t ake the place 
o f a i r i n the i n t e r f a c e , l o w e r i n g the i n t e r f a c i a l r e s i s t a n c e , which 
i n t u r n , causes t h e p o t e n t i a l d i f f e r e n c e t o f a l l . T h i s shou ld 
occur i n b o t h Case ( l ) and Case ( 2 ) ; and, indeed, bo th p o t e n t i a l 
d i f f e r e n c e s d i d f a l l when the vacuum pump was swi tched o f f . 
I n the l i g h t o f some o f t h e r e s u l t s on the e f f e c t o f the 
temperature g r a d i e n t across t h e i c e , (see S e c t i o n V I . 4 ( b ) , ) i t i s , 
perhaps, s i g n i f i c a n t t h a t i f t he drop i n vo l t age r e s u l t e d i n a 
nega t ive p o t e n t i a l d i f f e r e n c e between water and i c e , orvLy s m a l l , 
negat ive p o t e n t i a l d i f f e r e n c e s were recorded axid these were h a r d l y 
a f f e c t e d by changes i n a i r p ressure . 
VIo4o The E f f e c t o f the F reez ing Rate on t h e F r e e z i n g P o t e n t i a l . 
Workman and Reynolds (1950) s t a t e d t h a t t h e f r e e z i n g 
p o t e n t i a l s were independent o f the r a t e o f f r e e z i n g over a wide 
range o f f r e e z i n g r a t e s . G i l l (1953) showed t h a t the f r e e z i n g 
c u r r e n t was constant f o r va r ious e x t e r n a l r e s i s t ances i n the range 
50 t o 500 M cfl»o By assuming a model w i t h a constant f r e e z i n g r a t e , 
he d e r i v e d an express ion f o r t h e f r e e z i n g p o t e n t i a l i n t e ims o f t h e 
maximum volume o f charge d e n s i t y i n the i n t e r f a c e and the r e s i s t ance 
o f t he i n t e r f a c e . Gross (1965) i n v e s t i g a t e d the e f f e c t o f the 
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f r e e z i n g r a t e on the ra te o f i n c o r p o r a t i o n o f i n? )u r i t y and hydro -
gen i o n s . He asc r ibed d i f f e r e n c e s i n the f r e e z i n g p o t e n t i a l s t o 
d i f f e r e n c e s between the r a t e o f sepa ra t ion o f ions and the ra te o f 
n e u t r a l i s a t i o n across the i n t e r f a c e . 
The f r e e z i n g p o t e n t i a l s a l ready meaisured appeared t o 
depend on the f r e e z i n g r a t e and experiments were undertaken t o 
see i f q u a n t i t a t i v e r e s u l t s cou ld be ob ta ined . 
V I . 4 ( a ) The e f f e c t o f the supercool ing on the f r e e z i n g p o t e n t i a l s . 
Two bas ic types o f vo l t age -aga ins t - t ime records had been 
ob t a ined i n the e a r l y exper iments . (See F i g , V I . 2 , ) . C a r e f u l 
o b s e r v a t i o n showed t h a t type (A) was obta ined when the face o f the 
lower e l ec t rode became covered even ly and q u i c k l y i n l e ss than 1 s, 
whereas type (B ) was ob ta ined when o n l y a p o r t i o n of the e lec t rode 
became covered i n t h i s manner and t h e n the ice spread s l o w l y over 
the remainder. The in fe rence was t h a t the water was supercooled 
i n the s o l u t i o n s which gave type (A) graphs, but t h a t the super-
c o o l i n g was l ess i n the s o l u t i o n s g i v i n g the type (B ) graphs. 
These specula t ions were conf i rmed by a t t a c h i n g a smal l 
copper-const ant an thermocouple t o the lower e l e c t r o d e . The 
thermocouple leads were i n s u l a t e d w i t h P,V,C. s l e ev ing and were 
passed t h r o u ^ a 5 mm hole d r i l l e d i n the upper e l ec t rode . I n 
o r d e r t o increase the p r o b a b i l i t y o f supe rcoo l ing , the f r e e z i n g 
c e l l -was t r a n s f e r r e d t o a c o l d room main ta ined at about 0 °C , The 
thermocouple and e l ec t rome te r leads were r u n th rough the c o l d room 
w a l l s w i t h o u t be ing j o i n e d , t o prevent contac t p o t e n t i a l s f r o m 
g i v i n g spur ious r e s u l t s . The r e s u l t s ob ta ined are shown i n Table 
V I , 1, 
74. 
Table V I . 1 . 
Temperature o f the f r e e z i n g 
f ace a t the onset o f f r e e s i n g . 
—1 
( ° c) 
+ 2 .0 
+ 1,0 
+ 0.5 
0 
0 
- 0.3 
- 0.5 
- 0.5 
- 0.8 
- 1.0 
- 1.3 
- 1.5 
- 2 . 0 
- 2 .2 
- 2,3 
- 2,5 
- 2 .7 
- 3»5 
- 4 . 0 
- 6.5 
Type o f f r e e z i n g 
po ten t i a l - a g a i n s t -
t ime graphs. 
(A o r B) 
B 
B 
B 
B 
A 
B 
B 
A 
B 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
T h i s t a b l e shows, t h a t the g r e a t e r the degree o f 
supe rcoo l ing t h e more chance t h e r e i s o f the v o l t a g e - a g a i n s t - t i m e 
graph be ing o f the type ( A ) . I n the cases where the thermocouple 
was registering temperatures above 0 ° C when f r e e z i n g coramenced, 
the thermocouple was not on the p o r t i o n o f the e l ec t rode i n i t i a l l y 
covered by t h e i c e . I n those where t h e termocouple temperatures 
were below 0 ° C the thermocouple was on the p o r t i o n o f the e l ec t rode 
which i n i t i a l l y became covered w i t h i c e , 
\ ' 1 , 4 (b ) The instantaneous r e l a t i o n s h i p between f r e e z i n g 
p o t e n t i a l and f r e e z i n g r a t e . 
I t was suggested i n S e c t i o n V I , 2 (b ) t h a t v a r i a t i o n s i n 
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the f r e e z i n g r a t e were responsible f o r the l o n g te rm i r r e p r o d -
u c i b i l i t y o f the f r e e z i n g p o t e n t i a l s . I t i s poss ib l e t h a t the 
v a r i a t i o n s w i t h i n the i n d i v i d u a l v o l t ag e - t i me graphs might be 
related t o sho r t t e r m v a r i a t i o n s i n the f r e e z i n g r a t e , and exper-
iments were per formed i n the hope o f o b t a i n i n g a q u a n t i t a t i v e 
relationship between the p o t e n t i e i l d i f f e r e n c e across the i n t e r f a c e 
i 
afid the f r e e z i n g r a t e . 
A f r e e z i n g c e l l w i t h brass e lec t redes was used, (See 
F i g o V I . y and V I , 8 ) , The upper e l ec t rode c o u l d be r o t a t e d by 
means o f a s m a l l , geared, e l e c t r i c motor and a scale w i t h grada t -
ions approx imate ly 0.25 mm apa r t , was engraved onto the bottom 10 mm 
o f the perspex c y l i n d e r . The advance o f the i c e face past these 
grada t ions cou ld be observed us ing a t r a v e l l i n g microscope, but 
s ince f r e e z i n g ra tes o f up t o 50yU.ni were being s t u d i e d , the 
scale was c a l i b r a t e d beforehand w i t h the microscope. Then, d u r i n g 
f r e e z i n g runs , microscope observat ions were recorded v e r b a l l y onto 
a t ape - r eco rde r , and f r o m t h e t ape , the t imes f o r the i ce face t o 
pass between conseeutive gradat ions were ob ta ined at a l a t e r stsige. 
Connect ion f r o m the upper e l ec t rode t o the e lec t romete r wais made 
th rough a mercury p o o l , and e l ec t rome te r d e f l e c t i o n s were recorded 
on the Watanabe recorder at a paper speed o f 1 mm s~^, The back-
ground noise l e v e l was l e s s t h a n 1 mV w i t h the upper e lec t rode s t i l l , 
and l e s s t h a n 3 mV w i t h i t r o t a t i n g . 
Tests showed t h a t when 75 "ol o f s o l u t i o n were used i n the 
exper iments , w i t h an e l ec t rode s epa ra t i on o f 13 ™i» r o t a t i o n o f the 
upper e l e c t r o d e s t i r r e d the s o l u t i o n . I f the s t i r r e r was used 
7 6 . 
be fo re f r e e z i n g commenced, the onset o f f r e e z i n g was de layed, 
because t h e whole o f the s o l u t i o n was be ing coo led b e f o r e f r e e z -
i n g began. I f i ce present i n the c e l l be fo re the s o l u t i o n 
was s t i r r e d , s w i t c h i n g on the s t i r r e r motor slowed down the r a t e 
o f f r e e z i n g by a l l o w i n g warmer water t o come i n t o con tac t w i t h 
the i c e . I f t he ra te o f s t i r r i n g was h i g h enough, i t was poss ib le 
t o cause m e l t i n g o f t h e i c e s u r f a c e . However, the temperature 
g rad i en t across the i c e specimen i s h a r d l y a f f e c t e d by the s t i r r e r , 
and hence we have a v e r y convenient method f o r measuring the con-
t r i b u t i o n o f t h e e l e c t r i f i c a t i o n due t o temperature g r a d i e n t s , t o 
the f r e e z i n g p o t e n t i a l s . 
A complete se t o f r e s u l t s ob ta ined f o r 21 separate 
f r e e z i n g s o f t h e same sample o f d e - m i n e r a l i s e d wa te r , u s i i i g t h i s 
appara tus , i s se t out i n Appendix 4. The f r e e z i n g p o t e n t i a l 
r e s u l t s are a l so shown i n g r a p h i c a l f o r m i n P i g . V I . 9 and P i g . V I . 1 0 
( 1 t o 21)o F i ^ . V I . 9 i s a p l o t o f a l l the i n d i v i d u a l va lues o f 
f r e e z i n g r a t e against v o l t a g e . I t con f i rms the l o n g t e r m i r r e p -
r o d u c i b i l i t y o f t h e f r e e z i n g p o t e n t i a l s and shows t h e y are not 
s o l e l y dependent on t h e f r e e z i n g r a t e . I f , however, the values 
o f t h e f r e e z i n g p o t e n t i a l s and f r e e z i n g r a t e s d u r i n g each p a r t -
i c u l a r r u n are examined, see P i g , V I , 1 0 , some f a c t s b e g i n t o emerge. 
I n g e n e r a l , t h e f r e e z i n g p o t e n t i a l s inc reased as the f r e e z i n g ra te 
i nc rea sed , i n t h e range 10 t o 50 ^am s"V; but t h e f r e e z i n g p o t e n t i a l 
d i d not r eac t t o r e l a t i v e l y r a p i d changes i n f r e e z i n g r a t e , and the 
response t i m e o f t h e f r e e z i n g p o t e n t i a l seems t o increase w i t h 
i n c r e a s i n g t h i c k n e s s o f i c e . T h i s i s perhaps because t h e e f f e c t i v e 
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thickness of the interface within the ice increases due to the 
presence of a frozen-in space-charge i n the bulk of the ice sample, 
but more work would be required to prove th i s . The potential d i f f -
erence-against-freezing rate graphs have been prepared by averaging 
the time taken f o r the ice surface to pass between two gradations 
on the scale, to obtain a better f i t . No results have been plotted 
i n the cases where the lower electrode was not completely covered 
with ice as the freezing potentials cannot be regarded as repres-
entative, since the interface is being shunted by a very low 
resistanceo 
One fact stajids out i n these results, and that is that 
the thicker some portions of the ice became before the lower 
electrx)de was completely cohered with ice, the h i ^ e r were the 
potential differences at low freezing rates. At the present time, 
no explanation f o r th is can be offered, but i n general th is happ-
ened more frequently at higher anti-freeze solution tentperatures. 
I t may, i n fac t , be due to a difference i n the frozen-in space-
charge, through having the interface shunted f o r a long period, 
or some effect from the i n i t i a l low rates of freezing at the 
brass/water interface, but there i s l i t t l e evidence to support 
sudi speculations. 
VI o 4 (c) The effect on the freeziner potentials of s t i r r ing the 
solutionso 
I n the previous r""Ti f i n •nn-liiiou, the 
effect of s t i r r i n g on the freezing rate of the solution was 
mentioned. I n view of the dependence of the freezing potential 
7 8 , 
on the freezing rate shown i n the graphs i n F i g . V I o l O , i t might 
be expected that changing the freezing rate during the course of 
a run would cause a sharp discontinuity i n the voltage against 
time graphc This i s , i n f ac t , the case. (See F igoYId l ) However, 
i f a solution which gave f i r s t a positive freezing potential 
( i . e . the water positive with respect to the ice) and then a 
negative potential was s t i r red , only the positive potentials 
were affected by s t i r r i n g , and fur ther , i f the positive poten-
t i a l s were made to go negative by s t i r r i n g , the resulting negative 
potential was of the same order as the negative potential obtained 
without stirrLngo 
The negative potential differences were attributed to 
the temperature gradient across the ice specimen, and this con-
clusion is supported by t he i r i n sens i t i r i t y to changes i n inter-
f a c i a l conditions, t he i r variat ion wi th coolant temperature and 
the i r magnitude. (See Appendix 4 ) » Since we know that the tempeiv 
ature of the upper ice face i s 0 °C and that of the lower ice face 
i s the same as the anti-freeze temperature we can plot the temper-
ature gradient against voltage, (See F i g . V I o l 2 o ) The graph shows 
that the negative potential difference increases with increasing 
temperatureo The ver t i ca l and horizontal lines on the graph 
represent the accuracy of reading each voltage and temperature 
difference measurement. I n view of the differences between the 
conditions i n this experiment ajad those under which the quan-
t i t a t i v e relationship between temperature difference and voltage 
was or ig ina l ly worked out, t h i s probably represents excellent 
in trt o 
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agreement with the sin^jle theory. The deviations eire probably 
attributable to having a large amount of the ice sample at 
temperatures above - 7 °C, where the simple Temperature Gradient 
Theory does not apply. Other factors which might affect the 
qufiintitative agreement with the theory are that there might be 
contributions to the potential differences from freezing effects 
or melting effects, and that the ice specimens had had widely 
d i f f e r i n g histories and contained different amounts of a i r 
bubbleso 
The results displayed i n P i g o V I . l 2 were obtained on 
the ioe samples peduced by the freezing runs tabled i n Appendix 
4 o Therefore, the reproducibility of the temperature gradient 
effect on the voltage shown i n P i g . V I , l 2 may be directly contras-
ted to the i r reproducibi l i ty of the freezing potential against 
time graphs shown i n F i g , V I , 9 , and F i g o V I , l O , 
A l l results were obtained with a sample of water whic4i 
had f i r s t been d i s t i l l e d and then passed through both a cationic 
and an anionic exchange resin u n t i l no reduction i n conductivity 
resulted. The water had a specific conductivity of 
1 o 5 4 X 1 0 "^cQj i l l s i r by the time i t had been transferred 
to the freezing c e l l , (This could be reduced to 1 , 9 8 x 1 0 , * : 
- 1 - 1 
(fh m by agitating under an atmosphere of nitrogen fo r ten 
days, showing that a large preportion of this apparently h i ^ 
conductivity was due to the presence of dissolved gases, e.g, 
ceorbon dioxide,) I f such a sample of water, which, i n theory, 
should exhibit no freezing potentials, should s t i l l give 
80. 
freezing potentials greater than the potential differences due 
to the temperature gradients, at freezing rates of greater than 
lOyxm s~ ,^ i t seems reasonable to assume that most di lute 
—2 r\ ~1 ""1 
solutions with conductivities less than 1 0 " e i i m w i l l 
behave i n the same way. Indeed, the potentials recorded by 
Workman and Reynolds ( 1 9 5 0 ) G i l l ( l 9 5 3 ) j Gross ( 1 9 6 5 ) , Lodge 
et a l . ( 1 9 5 6 ) and others, confirm t h i s , as they cannot be ejcplained 
i n terms of a Temperature Gradient E f f ec t . 
(<i) A possible explanation f o r the shape of the voltap^ 
ainst time fl;rapha. 
I t is now possible to escplain, qual i ta t ively, the 
voltage against time graphs produced by the Watanabe Recorder 
during freezing runs. (See F i g o V I o 2 o ) 
F i r s t l y , l e t us consider Case (A) where the ice forms 
rapidly due to supercooling and covers the ice face almost i n -
stantaneously. Since the freezing rate is rapid, we would 
expect a large freezing potential . However, i t may not be very 
large, since the crystal orientation w i l l be somewhat disordered 
and, according to Workman and Reynolds ( 1 9 5 0 ) , this reduces the 
freezing potent ial . Therefore, the f i r s t voltage peak i s a com-
promise between freezing rate, ion incorporation rate smd charge 
neutralisation rate. When the supercooled layer of water above 
the electrode freezes i t releases latent heat, and i t s temper-
ature rises to 0 ° C o This was proved by watching the effect of 
freezing on the temperature when a thermocouple was attached to 
the freezing face, (See Section V I . 4 ( a ) . ) Before any more freez-
8 1 , 
ing can take place, i t i s necessary to establish a temperature 
gradient across the ice auid, therefore, the voltage f a l l s . Once 
a temperature gradient is established, and this happens very 
quickly (sometimes more rapidly than the response time of the 
electrometer), the freezing precedes and the voltage rises. A 
second maximiam value is reached which is governed by the rate of 
cooling, the ice thickness, the rate of neutralisation, the temp-
erature gradient and so on. Thereafter, the voltage f a l l s as the 
freezing rate drops and eventually, i f the freezing rate is low 
enough, the Temperature Gradient Effect within the ice predomin-
ates o 
Secondly, l e t us consider Case (B) where the lower elec-
trode became covered with ice slowly. The explanation is similar, 
but only very small freezing potentials are recorded u n t i l the 
lower electrode becomes con^sletely covered with ice. The quicker 
th is happens, the sooner the potential follows the line taken i n 
graph A, I n general, however, i t w i l l follow a line s l ight ly 
h i j ^e r than that i n graph A, but the reason f o r this is not dear, 
(See Section V I . 4 (b) . ) 
Recently, Pruppacher, Steinberger and Wang ( 1 9 6 8 ) 
reported the electr ical effects aocon^janying the spontaneous growth 
of ice i n supercooled solutions. They carefully cooled the solutions 
i n polythene tubes i n a low temperature, high-resis t ivi ty silicone 
o i l bath. The ends of the tubes were scaled with chromium plated 
electrodes. When the liquids had become supercooled to the desired 
amounts, freezing was in i t i a ted by cooling one electrode with a 
8 2 o 
piece of so l id carbon dioxide. The freezing potentials they 
recorded, on an electrometer connected between the electrodes, 
bear a s t r ik ing resemblance i n size, sign, overall appearance and 
time scale to those obtained i n my freezing cells at freezing 
rates which were very mucii lower than those of Pruppacher et a l . 
(See F ig . V I , 1 3 . ) I t i s possible that the f a l l with time of the 
voltages recorded by Pruppacher et a l , might be due to a f a l l i n 
the rate of growth of ice crystals, rather than the enmeshment of 
ions of opposite sign as suggested by these workers. Nevertheless 
the results of these workers show that the results obtained i n the 
experiments described above are quali tat ively applicable over a 
much wider range of freezing rates than was actually examined and 
add weight to the conclusion that freezing potentials usually 
predominate over temperature gradient potentials. 
V I o 5 o The Effect of Impurities on the Freezing Potentials. 
VI,5(a) Changes i n yHo 
Since de-mineralised water gave substantial freezing 
potentials, an attempt was made to see i f these potentials could 
be explained i n terms of the variat ion i n pH of the sample on 
freezing. 
The n^thod used by Workman and Reynolds was to freeze 
a portion of a sodium chloride solution whose pH was known. The 
water was decanted and i t s pH was measured. The ice weis washed 
with de-'mineralised water and melted and i t s pH was measured. A l l 
the measurements were carried out at the same temperature. 
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8 3 . 
However the pH of de-mineralised water is extremely 
sensitive to the presence of small quantities of ionic contam-
inants. When the pH of a small sample was measured i n the 
freezing c e l l i t was found to be 6 , 8 j when i t was poured into a 
careful ly cleaned and dried pyrex beaker and the pH was again 
measured, i t had changed to 6 . 4 , This change i n pH, i f i t had 
occurred on freezing, would represent a considerable charge trans-
f e r . Therefore, results obtained i n this manner would be highly 
suspect. More reliance could, peiiiaps, be placed on the measure-
ments i f they were performed i n s i t u , and so a brass freezing ce l l 
was modified to enable simultaneous measurements of freezing poten-
t i a l and pH be made. Holes were d r i l l ed i n the upper brass electrode, 
to allow free passage of water around the bulb of the glass electrode 
of an Analytical Instruments Pocket pH Meter, which was mounted Just 
above the upper breiss electrode. A small thermocouple was positioned 
next to the bulb so that corrections could be made to the reading f o r 
changes, i n temperature during freezing. . About 8 0 ml of water were 
poured into the ce l l and freezing was started. Readings of j f l * 
temperature of the water and freezing potential were taken every 
1 5 s. 
Although the thermocouple showed that convection was 
occurring i n the water, no significant change i n the ten^jerature-
compensated value of pH was noted throu^out the experiment. The 
pH meter showed ra4)id, high speed fluctuations of + 0 . 1 pH units 
but no defini te trend. Perhaps, significant changes i n pH would 
have been recorded i f the bulb of the jJi meter had been nearer 
8i fo 
the interface, or i f the solution had been s t i r red . However, 
neither of these proposals was t r i e d since the probe unit was too 
large to be positioned nearer to the interface, and because i t had 
been necessary to remove the s t i r r e r dri-ve-motor and gear-wheels i n 
order to allow access fo r the probe of the pH meter i n the f i r s t 
placeo Experiments of th is type were discontinued as time did not 
permit the major modifications of the apparatus necessary. 
The main ionic impurity present i n the de-mineralised 
water was probably sodium chloride which had been used to re-generate 
the de-ionising resins, 
V I , 5(b), Changes i n Conductivity, 
Measurements of the conductivity of the solutions i n the 
freezing cells were carried out either i n special conductivity cells 
or i n the freezing cells themselves, using an Electronic Switchgear 
A,C„ bridge, Eada freezing ce l l was calibrated using liquids of 
known conductivity and i t s "ce l l constant" determined, (The c e l l 
constant is the number by which measured conductivity mxist be 
mult ipl ied to give the specific conductivity,) The conductivity 
could then be deteimined at any time without removing solution from 
the ce l lo Unfortunately, vrtien the solution had been frezen and 
melted, the a i r bubbles which had been released were collected by, 
and remained underneath, the upper electrode, changing the c e l l 
constant and invalidating the measurements. Therefore, conductivity 
was measured only before a solution was frozen f o r the f i r s t time and 
again, this time i n a special c e l l , before i t was discardedo 
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A l l the samples of de-mineralised water increased i n 
conduGtivity on being i n the f reez ing c e l l f o r any length of t ime, 
whether or not the solutions were frozen, and even when the gold-
p la ted c e l l was used. Hardly any difference i n behaviour was 
not iced between the brass, the aluminium or the gold ce l l s , but 
i n the stainless s tee l c e l l , the conductivi ty changed more maricedly 
and rust appeared on the electrodes a f t e r two days. The brass and 
aluminium ce l l s showed some oxidat ion of the electrodes a f t e r a 
per iod o f about a week, but the conduct ivi ty d i f f e r e d l i t t l e from 
samples of water stored i n the gold c e l l or the carbon-electrode 
conduct iv i ty c e l l s . I t was concluded tha t such changes i n conduc-
t i v i t y could be a t t r i bu t ed to increases i n the amounts of v o l a t i l e 
impur i t i e s , and samples were ra re ly allowed to stand i n the f reez-
ing ce l l s f o r periods of more than three days. 
V I . 5(c) Changing the electrode materiail. 
When the same so lu t ion was frozen i n the brass electrode 
c e l l s , the aluminium c e l l and the stainless s tee l c e l l , or when 
d i f f e r e n t port ions of the same so lu t ion were frozen i n each c e l l , 
no s i g n i f i c a n t differences were noted i n the potent ial- t ime graphs 
which could be d i r e c t l y a t t r i bu t ed to anything other than d i f f e r -
ences i n f r eez ing ra te , or i n the degree of supercooling before 
f r eez ing . Typical recorder traces are shown i n F i g , V I . l 4 . The 
brass and stainless s tee l c e l l s have comparable heat capacities and 
give simileo* potent ia l - t ime graphs. The aluminium c e l l has a much 
smaller heat capacity and the degree of supercooling before f reezing 
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tends to be greater. However, since the aluminium c e l l was more 
f r a g i l e and the stainless s tee l c e l l was inc l ined to r u s t , the 
brass ce l l s were SLLmost inva r i ab ly used i n the other experiments. 
V I . 6„ Other Experiments w i t h the Freezing; C e l l s . 
I n order t o check i f the f reez ing po ten t ia l s depended 
on whether the ice was formed at a v e r t i c a l surface, downward f rom 
a hor izon ta l surface or upward from a hor izon ta l surface, the l i d 
of a f reez ing c e l l weis made leak-proof by sealing the screw threads 
w i t h P.ToP.E. r ibbon. I t was then f i l l e d con^^letely w i t h de-mineral-
i sed water and "runs" were made i n each of the or ienta t ions described 
above. The voltage against time graphs obtained are reproduced i n 
Figo VTolSo I f anything, the d i f ferences between these graphs are 
less than the normal v a r i a t i o n between consecutive runs on the same 
so lu t ion i n a f i x e d o r i en t a t i on . This resu l t suggests that the 
previous conclusions w i l l be v a l i d f o r a l l f r eez ing or ien ta t ions . 
The possible app l i ca t ion of these resul t s t o cloud 
phenomena i s discussed i n Chapter "VTIIo 
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CHAPTER V I I . 
THE ELECTRIFICATION OF WATER FLOWING THROUGH AN ICE TUBE 
SUPPORTED IN A GLASS COOLING^ACKET. 
The previous attempts t o measure the e l e c t r i f i c a t i o n of 
water f l o w i n g t h r o u ^ ice tubes, described i n Chapter V, suffered 
from two b i g disadvantages. F i r s t l y , i t was not possible t o see 
what was happening t o the ice when e l e c t r i f i c a t i o n was being det-
ected and secondly, i t was not possible to cont ro l the temperature 
long enough t o maintain stable conditions f o r more than a few 
seconds. I f the f i r s t of these disadvantages could be overcome, 
the second would be much less of a problem. 
An atteii5>t had been made (see Section V, 3 (b) . ) to 
allow v i s u a l observations by using a perspex support tube. But 
t h i s tube showed appreciable charging when cold, d i lu te anti-freeze 
so lu t ion was pumped around i t and i t was, therefore, encased i n an 
earthed brass tube. Some of the properties of pyrex glass suggested 
that i t could be used instead of perspex. I t has a lower r e s i s t i v -
i t y .than perspex, but s t i l l appreciably higher than that of ice 
over the temperature range obtednable w i t h a d i lu te anti-freeze 
so lu t ion . Therefore, extreaieous s t a t i c charges on a glass support 
tube w i l l leak away more rapi51y than on perspex and would not be 
regis tered by the electrodes inside the tube, but the magnitude of 
s t a t i c charges between ice and water would hardly be af fected. 
Glass i s considerably more b r i t t l e than perspex and i t 
might be expected tha t the expansion of water on freezing would 
shatter the tube. Tests showed tha t most of the expansion was 
88 o 
taken up i n the l i q u i d and the glass tubes d i d not break, 
provided tha t the water was kept f lowing t h r o u ^ the tube. 
VHo 1o The Design of the Apparatus. 
V I I , 1(a).The.basic apparatus. 
The basic requirements were that the tube should be 
transparent, that i t should be cooled as symmetrically as 
possible , using a transparent cool ing- jacket , that electrodes 
be attached at both ends and tha t no water should leak from 
around the seal between the electrodes and the glass tube, and 
t h a t , so f a r as i s possible, there should be laminar f low of the 
l i q u i d i n the tube. Other, peitia^JS less obvious, requirements 
were tha t there should be some means of preventing a i r bubbles, 
produced on f r eez ing , from being trapped i n the tube, where they 
might i n t e r f e r e w i t h the symmetrical formation of the ice tube. 
And i t i s essent ia l tha t the electrodes should not become blocked 
w i t h i c e . 
The apparatus resembled a l i e b i g condenser and consisted 
of a double-walled, pyrex glass tube w i t h a length of 0.30 m and 
an inside diameter of 20 naa.. At one end of the inner tube was a 
male " Q u i c k f i t " , ground=glass, B 19 tapered cone and at the other 
was a female cone. These Q u i c k f i t cones ax'e a l l made w i t h a 
standard 1 i n 10 taper. The tube was mounted v e r t i c a l l y , w i t h 
the female cone uppermost, and brass electrodes were f i t t e d i n to 
the cones. (See F i g . V I I . 1. and F i g . V I I . 2.) These electrodes 
were turned out of adjacent port ions of a 25o4 nan diameter brass 
bar, and had a 1 i n 10 taper cut in to them. To ensure tha t they 
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f i t t e d the glass cones pe r f ec t l y , they were ground into them, 
using an abrasive paste. The electrodes had small holes d r i l l e d 
t h r o u ^ them wi th a no. 60 d r i l l . Water entered t h r o u ^ the hole 
i n the lower electrode, passed through the tube and out t h r o u ^ 
the hole i n the upper electrode. This electrode was shaped so 
as to present a plane face towards the lower electrode, and yet 
allow a i r bubbles to co l lec t i n a bubble trap around i t s sides 
(see F i g . V I I , 2 . ) so that they d i d not b u i l d up and i n t e r m i t t -
e n t l y i so la te the electrode from the l i q u i d . 
The fo l l owing precautions were taken to ensure that 
the f low of l i q u i d through the tube was not unduly turbulent . 
I d e a l l y , the tube should expand to i t s maximum diameter of 20 mn 
by approximately a 1 i n 7 taper to maintain laminar flow i n the 
water. I n t h i s case a 1 i n 10 taper was used, as dictated by the 
commercially produced ground-glass Joints . The face of the 
electrode through which the water enters was plane and perpen-
d icu la r to the d i r ec t ion of f l o w , as t h i s also reduotts., t u r b u l -
ence. So tha t water could be made to f low i n e i ther d i r ec t i on 
through the tube without introducing unnecessaiy differences i n 
the conditions of f low, : the ijpper electrode was also given a 
plane face. 
Cooling of the water was achieved by pumping cold 
ant i - f reeze so lu t ion t h r o u ^ the cooling-Jacket. The maximum 
rate of f low of coolant was about 4 l i t r e s per minute. 
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The tube was cl«ani3d w i t h a chmmio aeid so lu t ion and 
washed thoroughly w i t h de-mineralised water. The brass elec-
trodes were scrubbed i n a l i q u i d detergent and r insed t h o r o u ^ l y 
i n de-mineralised water. (Metal po l i sh was not used i n cleaning 
these electrodes as i t would be very d i f f i c u l t t o ensure that 
a l l traces of i t had been removed from the f i n e holes . ) 
The female electrode was clamped w i t h i t s open end 
uppennost and the glass tube was f i t t e d in to t h i s . I n order 
t o ensure a p e r f e c t l y water-t iglxt j o i n t , a trace o f s i l icone 
grease was smeared on the glass cone before assembly. The cone 
on the other electrode was also smeared wi th a trace of grease 
and placed i n the upper cone of the tube. Both j o i n t s were 
rota ted s l i g h t l y , to ensure tha t they were proper ly seated and 
then 0.5 m lengths of 10 mm diameter P.V.C. tub ing were fastened 
onto the electrodes by means of hose c l i p s . Brand-new PcV.C 
tub ing was always used f o r these water l i n e s j before use i t was 
c a r e f u l l y cleaned by washing w i t h a soap-solution, and any s o l i d 
p a r t i c l e s , from the packing mater ia l i n whidi i t was del ivered, 
were washed out by f o r c i n g a t i ^ t - f i t t i n g plug of poly-urethans 
foam through the tube, using water pressure. F i n a l l y , the tubing 
was r insed thoroughly w i t h de-mineralised water. 
Separating funnels were clamped in to the other ends of 
the tubing (See F i g , V . 4 . ) , and the one attached to the lower 
electrode was f i l l e d w i t h water. Both funnels were raised up 
9^. 
above the l eve l of the glass tube and the taps were opened. 
The tube f i l l e d up w i t h water and a i r bubbles i n the P.V.C. 
tubing were dislodged by shaking. F i n a l l y , when a l l the other 
a i r - locks had been removed, the upper electrode was loosened f o r 
a few seconds t o allow most of the a i r trapped around i t to 
escape, thus ensuring a good contact between the electrode and 
the water. (See F i g . V I I , 2.) The water could be made to f low 
through the tube by r a i s i n g or lowering one or other of the 
separating funnels . 
To measure the e l e c t r i f i c a t i o n , the lower electrode 
was earthed and the upper electrode was connected to the v i b -
ra t ing-reed electrometer which was on the voltage measuring 
12 
range w i t h an i r ^ u t impedance of 10 cQ . The 100 mV f u l l -
scale range was used and wi th the upper electrode unscreened there 
was a cer ta in amount of pick-up of extraneous f i e l d s . However, 
most of these were a t t r ibu tab le to the operator and, provided that 
unnecessary movement was avoided, these deflect ions gave a background 
noise l e v e l of less than + 3 mV, 
Before any e l e c t r i c a l measurements were made, the degree 
of turbulence i n the f low of the water i n the tube was checked. 
The tube was set up as described and water was caused t o f low 
through the tube by ra i s ing one of the separating funnels . About 
10 ml of a s l i g h t l y a c i d i f i e d , concentrated potassium permangan-
ate so lu t ion was added to the water i n t h i s separating funnel and 
i t s progress through the tube was observed. The coloured water 
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entered through the electrode and rose i n a narrow stream 
through about a t h i r d of the tube. Then i t became unsteady and 
s ta r ted t o mix wi th the surrounding water, but a t h i n , palo-j 
puiple l i n e d id reacsh up to the hole i n the top electrode. 
When the experiment was repeated w i t h the f low reversed, the 
pennanganate so lu t ion got about half-way down the tube nefore 
becoming d i f f u s e . I n v e r t i n g the tube gave s i m i l a r r e su l t s . The 
male electrode was s l i g h t l y worse at maintaining the laminar f l ow 
than the female electrode i n both cases, but both electrodes p e r f -
ormed be t te r when they were uppermost. From these resu l t s , i t was 
concluded t h a t , despite the rather qua l i t a t ive approach t o stream-
l i n i n g taken during the designing of the equipment, the turbulence 
was not excessive and tha t the d i f fe rence i n the behaviour of the 
permanganate so lu t ion , depending on whether i t was r i s i n g or f a l l i n g 
i n the tube, was probably due t o the di f ference i n density between 
water and the so lu t i on . I n any event, even i f the tube had been 
hydrodynamically designed, the p r o f i l e would be changed when there 
was ice i n the tube and a l l tha t could be said t o j u s t i f y a cer= 
t a i n amount of streamlining i s tha t i t might help t o produce a 
more symmetrical ice tube i n the f i r s t place. I n t h i j j respect, 
the tube was quite good and a t j r p i c a l ice tube p r o f i l e i s shown 
i n Figo V I I . 2 . 
The ear ly e l e c t r i c a l measurements were, however, less 
s a t i s f a c t o i y . Despite the precautions taken t o eliminate chem-
i c a l electrode po ten t i a l s , standing potent ia ls o f t e n exis ted 
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between the upper and lower electrodes. These could be of e i ther 
s ign, but were usual ly negative (the lower electrode i s earthed). 
Sometimes they were reduced by allowing the water to f low 
through the tube, but o f t en they persisted almost unchanged. 
They var ied i n value but m i ^ t be as hl^ as + 50 nV. They were 
very s l i g h t l y temperature dependent, but t h i s e f f e c t was small i n 
going from room temperature. Usually, i f the equipmejit was l e f t 
undisturbed f o r a few hours, they disappeared of t h e i r own accord. 
No sa t i s f ac to ry explanation of t h i s e f f e c t can be put forward f o r 
the appearance of these po ten t i a l differences and, where possible, 
e l e c t r i f i c a t i o n measurements were avoided when i t was present. 
Water weis made to f low through the tube by lowering the 
separating funnel connected to the upper electrode and then cold 
ant i - f reeze so lu t ion was pun^ied in to the cooling-Jacket from the 
bottom. 
Eventually, about three-quarters of the surface of the 
inner tube became covered i n a t h i n layer of dendr i t ic ice crystals 
which began to be formed at some point near the top of the cool ing-
Jacket and s p i r a l l e d down the tube f o r about 1 s. The rapid way i n 
which they had appeared suggested that the l i q u i d layer next t o the 
tube w a l l had become supercooled and that f reez ing had been i n i t -
i a t ed i n the coolest por t ion of the tube. Usually the appearance 
of ice i n the tube was accompanied by a small , posi t ive def lec t ion 
of up t o 5 mV on the electrometer. (See F i g . V I I . 3 . ) 
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At about t h i s t ime, v i sua l observation o f the ice 
i n the inner tube was rendered impossible by the formation of 
hoar f r o s t on the outer surface of the cool ing=jacket . A 
temporary so lu t ion to t h i s problem was to wipe the outer surface 
of the tube w i t h a rag soaked i n methylated s p i r i t ; however, 
w i t h i n two or three minutes, heavy condensation of water vapour 
d i l u t e d the methylated s p i r i t t o suda an extent tha t the tube 
iced over agadn and i t became essent ial to f i n d a more permanent 
so lu t ion to the problem, (See Section V I I . 1 ( c ) . ) 
Of ten the water i n the tube became h i g h l y supercooled 
before the onsef of f r eez ing and when f r eez ing d i d occur, a mass 
of dendr i t i c ice crys ta ls extended out of the top of the jacketed 
tube and i n i t i a t e d f reezing of the water i n the upper electrode. 
Unless prompt ac t ion was taken to dra in out the coolant from the 
cool ing-jacket before the f l ow of water through the tube ceased 
completely, a l l the water i n the tube became rap id ly f rozen and 
shattered the inner glass tube. The only p r a c t i c a l so lu t i on to 
t h i s problem was t o shorten the upper electrode so tha t i t stood 
about 10 mm above the top of the cooling-jacket and never came 
in to contact w i t h the ice at a l l . Surpr i s ing ly enough, t h i s 
appeared i n no way t o a f f e c t the measurements mads i n the tube i n 
the cases where t h i s high degree o f supercooling d i d not occur, 
so f a r as could be judged without taking a s t a t i s t i c a l seanple of 
measurements which the tube m o r t a l i t y rate precluded. 
During the next 10 s o f a run, the ice sheath became 
th inner and i t s appearance changed to a clear, t r a i i spa r«n t s h e l l 
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containing a few a i r bubbles. Meanwhile, the electrometer def-
l e c t i o n died away to zero. However, as cooling continued, the clear 
ice s h e l l became s tead i ly th icker and the electrometer again registered 
a pos i t ive po ten t i a l which increased w i t h increasing ice thickness. 
The ice was always t h i c k e r near the top of the tube (See F i g , V I I . 2 . ) 
and-when the hole remaining at the narrowest point had diminished to 
a size comparable w i t h the holes i n the electrodes, the i ce , but not 
the glass, tube f rac tu red . Each crack observed t o appear i n the ice 
tube corresponded t o a sharp peak on the electrometer trace. (See 
F i g . VII .3o and F i g . VILA- . ) Ul t imate ly , the tube became completely 
blocked and the f low of water through the tube ceased, but o f ten the 
electrometer s t i l l registered a constant de f l ec t ion of about + 20 to 
+ 30 mV. When the f low of coolaunt was stopped and the tube was allowed 
t o -warm up to room temperature, the ice melted and t h i s constant poten-
t i e i l d i f ference f e l l away t o zero. 
I n only h a l f of the experimental runs made wi th the glass 
tube was e l e c t r i f i c a t i o n detected of the type described above. I n 
the other h a l f no e l e c t r i f i c a t i o n was detected u n t i l f issures appeared 
i n the ice tube. Then electrometer deflect ions of both signs wi th no 
s i g n i f i c a n t general t rend were produced. (See F i g , V I I . 4 . , and contrast 
i t w i t h F i g . V I I . 3 . , These recorder traces were obtained wi th the 
same so lu t ion on the same day w i t h i n 1 hour of each other.) 
I t appeared that the i n i t i a l peak on the electrometer 
trace could perhaps be a t t r i bu ted to the charge separated between 
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ioe and water at an interface, but that the general trend was prob-
ably due to temperature differences along or across the ice tubes. 
Therefore, i t was decided to see i f any of the potential differences 
could be correlated direct ly with the Workman and Reynolds type 
experiments and the measurements of temperature gradients reported i n 
Chapter VI» A controlled-environment glove box was constructed to 
f a c i l i t a t e these measurements. 
V I I . 2 , The Controlled Environment Box. 
Observations on the glass tube had been hampered by the 
formation of hoar f ros t on the outer surface of the cooling-jacket, 
Al thou^ the deposit could be cleared f o r a short period by rubbing 
i t with a methylated-spirit-soaJced rag, heavy condensation had con-
tinued and occasionally l i qu id on the outside of the tube had appeared 
to be short-circuit ing the electrodes. The condensation of water 
vapour on the cooling-jacket would be reduced i f the air surrounding 
the tube was dried. A glove-box would enable the a i r around the tube 
to be kept dry. 
Also, since we have already seen i n Chapter VT that the 
values of freezing potentials were not reproducible, and this 
appeared to be the case with the early measurements on the glass tube, 
i t was decided to t r y to provide a completely self-contained system 
f o r the freezing tube measurements i n order to ensure reproducible 
conditions as f a r as possible. I t was also hoped to be able to com-
pare the results obtained with measurements i n the freezing cells with 

H o •? 
I 
H 
+> 
3 
I 
97. 
the same sample of water, 
A controlled-environment glove-box weis constructed on a 
wooden frame measuring 0.92 m x O.76 m x 6.4 mm thick. Two c i r -
cular holes were cut into the perspex sheet stnd glove-ports, 
complete with neoprene gloves, were bolted onto the front of the 
box, (See F ig . V I I , 6 . ) The aluminium sheets were a l l connected to 
earth and the joints between sheets were sealed with adhesive P.T.F.E. 
tape. Access to the box could be gained either by removing one of the 
gloves or by removing the perspex panel which was bolted to the wooden 
frame and. f i t t e d with rubber gaskets so that a good seal could be 
maintadned. The box was not completely gas-tight, but by maintaining 
a sligiht overpressure of gas inside the box, laboratory a i r could be 
excluded quite sat isfactor i ly . The apparatus was arranged i n the box 
according to the diagram shown in Fig . V I I , 6 . A l l the gas, water, 
anti-freeze and electr ical supplies to the box enter through the l e f t 
hand panel of the box, as shown in Fig. V I I . 7 . 
( i ) The gas supply. 
The gas, either a i r , from a Broom and Wade "Handyair" 
compressor, or nitrogen, from gas cylinders, was metered through a 
Rotameter flow-meter to a series of glass cold-traps, immersed i n the 
anti-freeze i n a refrigerated tank, and thence to the glove-box. 
Water vapour and o i l from the compressor were condensed out of the 
gas i n the cold-traps but the gaiseous components were unaffected. 
The gas l ine diverged so that a supply of gas was delivered to the 
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two water reservoirs, which consist of 10 l i t r e pyrex aspirators, 
and to the box i t s e l f . The flow of gas to each reservoir and to 
the box was controlled by screw clips on the rubber tubing. (See 
Fig , VII.7o) Gas entered the water reservoirs through pyrex glass 
tubes immersed i n the water and the reservoirs could be vented from 
the top. I t was envisaged that water could be pur i f i ed to a certain 
extent by bubbling nitrogen through the water to remove vola t i le 
constituents, and by closing one or other of the vents water could 
be forced from one reservoir to the other. The gas pressure d i f f -
erence between the reservoirs was indicated by the mercury manometer 
and the pressure differences due to the head of water could be read 
o f f from the scale on the side of the reservoirs. 
The gas entered the box through a length of copper pipe 
bolted through the side panel of the box and f i t t e d with an '0 ' ring 
to ensure a gas-tight Joint, This gas lead ended i n a ground-glass 
B 19 cone which could be l e f t free to pressurise the box or could be 
inserted into the top of the "sink" to force water, which had been 
sampled, back into the water system f o r recirculation. 
I n practice a gas flow rate of about 5 l i t r e s per minute 
was required to pressurise the box alone so that the gloves remained 
taut, and a flow rate of 10 l i t r e s per minute was suf f ic ient to permit 
gas to be bubbled steadily t h r o u ^ both reservoirs and s t i l l maintain 
pressure within the box. 
( i i ) The water system. 
About 10 l i t r e s of water were stored i n the two reservoirs 
screw 
clips 
l i q u i d 
inputs 
- Water 
~ reserroirs 
manometer 
electrometer 
leads 
electrometer 
head unit 
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mounted on the roof of the box, (See F ig . V I I . 8 . ) The 
reservoirs were connected together with new P.V.C. tubing via 
the freezing tube, a length of glass tubing f i t t e d with a 'T' 
j o in t and tap from wMch water samples could be withdrawn, so 
that freezing potential,* conductivity and pH measurements 
could be performed, and a similar 'T' joint connected to a 
pressurised sink through which the samples could be returned. 
The water passed through the wall of the box through two 
earthed brass nozzles, Pyrex glassware was used throughout 
to minimise contamination of the water from sodium ions as i t 
i s much less soluble than soda glass, 
( i i i ) The cooling system. 
Cooling was achieved by puniping cold, dilute anti-freeze 
solution from the 80 l i t r e capacity refrigerated tank i n which the 
cold-traps were mounted. The input tube was sp l i t into two and fed 
both the cooling tube and a freezing c e l l . They had separate 
return tubes to the refrigerated tank and the cooling rate i n each 
piece of apparatus could be altered by restricting the appropriate 
outlet tube. 
( iv) Electr ical systems. 
250 V A.C. mains and 0 to 30 V D.C. f o r the freezing 
oeH s t i r r e r were supplied to the box th rou^ air- t ight plugs. 
The electrometer leads were connected th rou^ the box using 
B.N.C. co-axial sockets and co-axial leads were used inside the 
box to reduce pick-up. A vibrating-reed electrometer and rec-
order could be connected to each piece of apparatus i n turn. 
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(v) Other f a c i l i t i e s . 
I n addition to the freezing tube and freezing c e l l , the 
glove box also contained a pH meter and a conductivity c e l l . An 
electr ic haii>dryer was placed i n the box to ensure rapid thawing 
of the freezing tube a f te r a run and the freezing c e l l was mounted 
on a small, electr ic hot-plate f o r the same purpose. For convenience, 
the glove-box and the ancil lary equipment were mounted on a t ro l l ey . 
(See F ig . V I I . 8 . ) 
V I I . 2(a) The puri ty of the water. 
A study weis made of the e l ec t r i f i ca t ion of a sample of 
de-mdneralised, d i s t i l l e d water. The water had been d i s t i l l e d i n 
a commercial, glass-lined s t i l l and then passed through a Penmitit 
Mk, 8 de-ionising uni t , consisting of anionic and oationic exchange 
resins i n separate columns, u n t i l no change i n conductivity was 
detectable. The resulting water i n i t i a l l y had a conductivity of 
1.00 X 10 ~* t fL" m"' when measured under a i r i n the glove-box. 
Both the resins used i n the de-ionising unit are part icular ly 
effective f o r removing strongly acidic and strongly basic ions, e.g. 
_ 2- + 2+ 
CI , SO^ , Na , Ca etc. However, weak acids and bases, such as 
ammonia and carbon dioxide are less e f f i c i e n t l y removed from solution. 
Some idea of the contribution to the conductivity of such 
vola t i le weak acids and bases is shown i n F ig . VII .10 . A 10 l i t r e 
sample of the water was placed i n one of the aspirators on top of 
the glove-box. Nitrogen was bubbled t h r o u ^ this di lute solution 
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Fig.W.10. THE VARIATION OF CONDUCTIVITY OF 
WATER WITH TIME OF BUBBLING NITROGEN THROUGH IT 
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at a rate of about 1 l i t r e per minute. The conductivity of the 
water was measured daily and plotted against time of bubbling to 
give the graph reproduced i n F ig , V I I . 10, This shows that the 
-4 -1 -1 
conductivity decreased with time to less than 0.2 x 10 tfb 
a f te r 10 days. The deviations from a smooth airve can probably be 
attributed to variations i n the rate of nitrogen flow, because 
a l thou^ the flow was set to about 1 l i t r e per minute when a new 
nitrogen cylinder was opened, the flow rate changed as the pressure 
inside the cylindar f e l l . The ringed points on the graph represent 
the values of conohictivity on the days v*ien the nitrogen pressure 
had dropped overnight to about 1 bubble per minute. The principle 
behind th is method of pur i f ica t ion is sis follows. The nitrogen 
sweeps a l l the a i r out of the aspirator and, therefore, reduces the 
par t i a l pressure ofl carbon dioxide, ammonia ajid any other dissolved 
gases, above the solution. Since the volati le impurities i n the 
solution are i n equilibrium with the vapours above the l iqu id , some 
of the impurity comes out of solution i n an e f fo r t to restore 
equilibrixim. This yspOMT is i n turn swept away by the nitrogen 
and, ultimately, a l l the impurity w i l l be removed. The equilibrium 
reactions which are involved can be represented by the following 
equations: 
NH^ + + OH " miOa NH3 + H2O, 
and P 
2H+ + 002 " ^ ^ H+ + HC03't%H2C03:^C02 + HgO 
As the gases are removed, so the equilibrium is displaced 
toward the r i g ^ t . 
a ? SEP 1978 
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When th i s pur i f i ed sample had had a i r blown through i t 
f o r 2 days, the conductivity had increased to 1.54 x 10"^ cCb ^ \ 
and i t remained constant at about this vauLue f o r several weeks. 
This increase over the original value indicates that the nitrogen 
may also have been responsible f o r adding some in^iurities, which 
were non-volatile as they were not removed from the solution by 
bubbling a i r through i t . 'Periiaps these impurities were from the 
nitrogen cylinders themselves, e.g. rust part icles, or from the 
reducing valve, but the i r nature is uncertain. The other trace 
impurity which would be expected to be present i n the water is 
sodium chloride from the solutions used to regenerate the column. 
The pH of this solution was 5.8 and i t was used to obtain both the 
freezing potential results shown i n Appendix 4 and the freezing tube 
results shown i n Appendix 5o 
V I I . 2(b) Experimental details. 
The glove-box had f a c i l i t i e s f o r controll ing the rates of 
flow of anti-freeze solution, water and gas. A l l were found to bp 
satisfaotoiy with the exception of control of the s t ab i l i t y of the 
gas supply. This was not c r i t i c a l f o r the a i r supply because the 
coiBpressor unit was f i t t e d with a pressure switch, but the n i t ro -
gen cylinders could not be l e f t on overnight f o r fear of dama,ging 
the box or of water sucking back from the aspirators into the gas 
lines and thence syphoning into the glove-box i t s e l f . As a result, 
no experiments have been conducted i n whida the water was i n 
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equilibrium with pure nitrogen. In practice, dry a i r had to be 
passed through the glove-box overnight to ensure that the humidity 
was low enou^ to eliminate condensation on the freezing tube. 
The individual experimental procedures adopted were the 
same as those described i n Chscpter VI and Chapter V I I . I , However, 
charging of the perspex front of the glove-box was picked up on 
the freezing tube electrodes, and i t was necessary to screen the 
upper electrode with an earthed, brass-mesh tube (see Pig. V I I . 6 . ) 
to reduce the noise level . Manipulating the neoprene gloves was 
avoided during freezing runs f o r the same reason. 
I t was not necessary to raise or lower the water reservoirs 
to cause the water to flow throu^^ the freezing tube; the desired 
head of water was set up by blowing water from one reservoir to the 
other, using a i r pressure, before the start of a run. 
Standing potential differences i n the freezing tube were 
reduced by causing the water to flow through earthed brass nozzles, 
situated between the reservoirs and the tube. However, suff icient 
length of 10 mm diameter P.V.C. tubing was l e f t between the nozzle 
and the f loa t ing electrode to ensure that the freezing tube was 
being shunted by a resistance through the water of more than 
Q 
1.5 X 10 cfb c I n theory this resistance should pennit the meas-
urement of freezing potential, temperature gradient effects and 
flow e lec t r i f i ca t ion . I n fac t , electrometer traces of the same 
general shape as those obtedned earlier were produced, eilthou^ 
the voltage peaks caused by the fracturing of the ice tube were 
reduced. The same could also be said of the large, broad peak 
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which was detected when the hole i n the ice column was very 
narrow. (Cong a^re Pig. Vir.3, with F ig . V I I . 9 . ) 
Unfortunately, the number of runs made using the freezing 
tube i n the glove^box under reproducible conditions has been 
l imi ted to thw 13 runs l i s t ed i n Appendix 5 shown graphically 
i n F ig . V I I . 9 . This is because, to ensure reproducibility, i t is 
essential that the runs are made as soon af ter one another as , 
possible, so that the amounts of dissolved a i r , impurities, flow 
rates and temperatures are constant. Unfortunately, no ice could 
be foimed i n the tube, even at relatively low water, and h i ^ an t i -
freeze solution, flow rates i f the anti-freeze tank temperature was 
above - 14 °C. The lowest anti-freeze solution temperature obtain-
o 
able i n the tank was - 26 C which represented a drop of about 
32 dfig.C. on the room temperature at that time . During the summer 
months the laboratory temperature was often over 15 and under 
these conditions the anti-freeze temperature rose to - 17 °C and 
above. As each freezing run produced a temperature rise of about 
2 deg. C, i t proved impossible to perform the experiment with any 
degree of regularity or success, except on the occasions when the 
ambient ten^jerature had been below 15 °C fo r at least 2 days. The 
apparatus was not con5)leted u n t i l March 1969 so that the opportun-
i t y f o r freezing runs was severely l imited, particxilarly as the 
cold room was not operational f o r much of the period between 
February and June. 
THE VOLTAGE AGAINST TIME GRAPHS 
FOR 
THE GLASS FREEZING TUBE. 
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Nevertheless, suff ic ient results have been obtained to show 
definite trends, even i f they cannot give s ta t i s t ica l proof, and i t 
appears to be unlikely that much niore information could have been 
obteiined from additional runs. 
V I I , 2(c) The graphs of voltage against time f o r the freezing 
tube. (See F ig . YI I . 9 . ) 
The i n i t i a l , small peak, which coincides with the appear-
ance of ice i n the tube, shows a l l the characteristics exhibited 
by the typica l freezing potential graphs. With one exception, i n 
F ig . V I I .9 ( l ) , the upper electrode always registered a positive 
potential , regardless of the direction of flow of the water through 
the tube. However, Run ( l ) was notable i n that the ice shell , which 
formed i n i t i a l l y from supercooled water near the walls of the tube, 
melted completely before i:«-appeeai.ng again. These voltage peaks 
were measured without having electrodes touching the ice directly and 
the water between the ice'and the electrodes must have been behaving 
as a conductor. I n view of the sign of the e lec t r i f ica t ion , i t 
appears as though, i n i t i a l l y , the ice may be considered to be 
mainly connected to the lower, earthed electrode. I t might be 
expected that this effect would be particularly marked i n the cases 
where the warm water entered t h r o u ^ the upper electrode, as i n 
Runs (11 to 13) and Fig . VII ,9( l1 to 13), and i n which the freezing 
took place nearer the lower electrode, but this does not seem to be 
the case. However, fa i lure to observe such a difference i n only 
three readings is hardly significant when one bears i n mind the 
i r reproducibi l i ty of freezing potentials. 
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I t can also be seen that the sign of the i n i t i a l 
potential was always opposite to that of the standing potential 
present before the start of a run; but as the standing potentials 
were nearly always negative and the freezing potentials were usually 
posit ive, both i n the msasurements taken with the glove box and 
outside, this may be a coincidence» On the rafe occasions that 
standing potentiauLs were present i n the freezing cells they did not 
affect the sign of the charge separation produced by freezing. 
The characteristic increase i n potential when the hole 
through the ice tube becomes very narrow does appear .to depend on 
the direction of flow of the water. However, since these potentiads 
usually persist af ter the hole becomes completely blocked with ice, 
they must be due to a charge separation process not involving the 
movement of water t h r o u ^ an ice tube. I t is possible to explain 
these potentials i r tenns of both the Temperature Gradient Theory 
and the charge separated on freezing. A l l that can be said with 
certainty, i s that the electrode nearer the end of the tube towards 
whidi the water had been flowing registered a negative potential . 
The differences between the e l ec t r i f i ca t i on produced by 
8 
cracks appearing i n the ice tube when i t was shunted with a 10 l iL 
resistor and when i t was not shunted suggested that the e l e c t r i f -
ication was a consequence of physically separating the ice surfaces 
while a charge separation mechanism was operating. I t is perhaps 
significant that i n F ig , V I I . 4 , where there is no general trend i n 
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the potential difference, the cracks produced e lec t r i f ica t ion 
of either sign, showing that perhaps two opposing charge separ-
ating mechanisms had been operating. 
I t is possible that this explaJiation might also apply to 
the production and release of a i r bubbles i n the perspex tube 
experiments, (See Chapter V) . I f the air bubbles were responsible 
f o r removing a leakage path across an interface when they were 
produced, th is would allow a build-up of voltage. When the a i r 
bubble broke away from the surface, the leakage path would be 
restored and the voltage would return to i t s previous value. The 
sign of these voltage peaks would be deteimined by the charge sep-
arating process which was operating i n the tube and hence the change 
i n the sign of the peaks on removing the coolsint from around the 
tube. Since no details are known of the freezing rates i n this 
apparatus i t i s not possible to say with certainty which charge 
separating mechanism was operating at any one time. 
V I I o 3. Conclusions. 
I t appears that the results obtainable with the freezing 
tube are no more reproducible than were the results obtained with 
the freezing ce l l aiid the i r interpretation is considerably more 
d i f f i c u l t . An insuff ic ient number of runs has been carried out to 
draw any s t a t i s t i c a l conclusions, but a subjective examination of 
the recorder traces leads to the conclusions that the Workman and 
Reynolds effect is def in i te ly observable at the start of a run and 
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that freezing potentials can be transmitted through water over 
quite large distances. 
In the later stages of a freezing run the freezing pot-
entials as measured by the electrodes in the water may change sign, 
particulsirly a^ the ice becomes very thick and increases the resis-
tance between the electrodes aaymmetirically so that what may have 
become a low resistance path from the interface to an electrode 
becomes a high resistance path. I t is certain that there are temp-
erature gradients both albng and aoroas the ice tubes and some of 
the electrical effects may be explicable in tenns of these, partic-
ularly in view of the freezing rates involved, (See section VI,4(c) . ) 
While i t was not possible to measure freezing rates directly owing 
to the apparent magnification of the ice tube when viewed through an 
anti-freeze solution, they were certainly lower than those in the 
unstirred Workman and Reynolda type experinKnts described in 
Chapter VI, 
No electrification which could be solely and directly 
attributed to the movement of water over ice has been detected, 
A possible explanation for the lack of an electrokinetic effect 
is put forward below. 
The Workman and Reynolds Effect is explained by the 
selective incorporation of ions into the ice. I t might be expec-
ted that when freezing was stopped the frozen-in space-charge of 
ions would maintain the potential difference between ice and water, 
but protons flow across the interface to neutralise the space-charge 
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and the double l a y e r o f ions a t the i n t e r f a c e d isperses . 
However, we have a l r eady seen i n Chapter I I I t h a t e l e c t r o -
k i n e t i c e f f e c t s depend upon the exis tence o f an e l e c t r i c double 
l a y e r a t the i n t e r f a c e ; but s ince the double l a y e r w i l l o n l y be 
present w h i l e f r e e z i n g i s p rogress ing , e l e c t r o k i n e t i c e f f e c t s 
w i l l o n l y be de tec tab le when water i s f r e e z i n g . Under these con-
d i t i o n s , i t w i l l be almost ingjoss ible t o separate the e l e c t r o k i n e t i c 
p o t e n t i a l f r o m the f r e e z i n g p o t e n t i a l bu t , f rom the p o i n t o f view o f 
the e l e c t r i f i c a t i o n o f c louds , the separa t ion o f these processes i s 
u n l i k e l y t o be o f importance. 
The ex is tence o f an e l e c t r i c double l a y e r not i n v o l v i n g 
the presence o f i n ^ j u r i t y ions but s imply a r i s i n g out o f absorp t ion 
o f water molecules a t the i c e / w a t e r i n t e r f a c e i s ailsp u n l i k e l y . 
I n o rde r t h a t molecules cein be absorbed, t hey must become o r i e n t a -
t e d t o enable them t o be e l e c t r o s t a t i c a l l y bound t o the i ce phase, 
but once t hey have become o r i e n t a t e d i n t h i s way, they w i l l be 
i n d i s t i n g u i s h a b l e f r o m the o t h e r molecules i n t h e b u l k o f the i c e 
phase. I n t h i s respect t hey w i l l be d i f f e r e n t f r o m water molecules 
absorbed onto a glass s u r f a c e . 
The conclusions f r o m the f r e e z i n g tube experiments, 
t o g e t h e r w i t h those f r o m the f r e e z i n g c e l l experiments, are summ-
a r i s e d i n Chapter V I I I and pos s ib l e a p p l i c a t i o n s o f the r e s u l t s 
t o c l o u d phenomena are discussed. 
CHAPTER V I I I 
CONCLUSIONS M P POSSIBLE APPLICATIONS TO CLOUD 
PHENOMENA.' 
V I I I , 1 . Conclusions which can be drawn f r o m t h e 
F reez ing Exper iments . 
The conclus ions which can be drawn f r o m t h e experiments 
w i t h the f r e e z i n g c e l l s and f r e e z i n g tubes may be summarised as 
f o l l o w s . 
( i ) F reez ing p o t e n t i a l s are g r e a t e r t h a n the 
corresponding temperature g rad ien t p o t e n t i e i l s f o r 
f r e e z i n g ra tes i n t h e range 10"^ t o A- x 10"^ m s ' ^ 
f o r de -mine ra l i s ed wa te r w i t h a c o n d u c t i v i t y o f 1.5 x 
10-^ cA>~'' m-\ 
( i i ) Changing t h e amount o f a i r bubbles i n the i c e / 
water i n t e r f a c e can change the f r e e z i n g p o t e n t i a l s by 
a l t e r i n g the i n t e r f a c i a l r e s i s t a n c e . The temperature 
g rad ien t p o t e n t i a l s w i l l be l e ss a f f e c t e d by the amount 
o f a i r i n the sample. 
( i i i ) The f r e e z i n g p o t e n t i a l s are somewhat dependent 
on the f r e e z i n g r a t e „ But since t h e f r e e z i n g p o t e n t i a l 
i s , a t any one t i m e , a f u n c t i o n o f the charge s epa ra t i on 
r a t e , o f the charge n e u t r a l i s a t i o n r a t e and o f the temp-
e ra tu re g r a d i e n t , i t i s not d i r e c t l y p r o p o r t i o n a l t o the 
f r e e z i n g r a t e . 
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( i v ) F reez ing p o t e n t i a l s measured i n very d i l u t e 
s o l u t i o n s are no t e x a c t l y reproducible, 
( v ) F reez ing p o t e n t i a l s have been observed when 
both e lec t rodes are i n contact on ly w i t h water . 
( v i i ) On f r e e z i n g , de-minereil ised water eilways becomes 
p o s i t i v e l y charged w i t h respect t o i c e , p rov ided t h a t the 
Workman and Reynolds E f f e c t predominates over the Temper-
a ture Gradient E f f e c t . 
( v i i i ) There i s no d i r e c t evidence t o suggest t h a t charge 
can be separated by water f l o w i n g over i c e , i n the absence 
o f any o the r f o m o f charge sepa ra t ion . 
I n the l i g h t o f these f i n d i n g s , c e r t a i n o ther suggestions 
and exp lana t ions may be put f o r w a r d . 
Al though o n l y a r e l a t i v e l y smal l rajage o f f r e e z i n g ra tes 
was s t u d i e d i n t h e f r e e z i n g c e l l measurements descr ibed i n Chapter 
V I j , the woik o f G i l l (1953), Gross (1965) and Pruppadaer e t a l , 
(1968) shows t h a t Conclus ion ( i ) i s app l icab le over a wide range 
o f f r e e z i n g r a t e . However, i t w i l l o n l y be v a l i d i f the ions 
present i n the s o l u t i o n are such t h a t the f r e e z i n g p o t e n t i a l s which 
would have been r e c o r ^ d are not ve ry s m a l l ; o therwise , t hey would 
be l e s s t h a n the temperature g rad ien t p o t e n t i a l s , which may be r eg -
arded as being independent o f i m p u r i t i e s . 
Conclus ion ( i v ) i s t h a t the f r e e z i n g p o t e n t i a l s are not 
e x a c t l y r e p r o d u c i b l e . Whi le t h i s i s t r u e , many o f the f a c t o r s 
i n v o l v e d have been q u a l i t a t i v e l y cha rac te r i sed and i t seems l i k e l y 
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t h a t more reproducible r e s u l t s c o u l d be ob ta ined f r o m runs made 
under vacuum, w i t h ve ry s m a l l q u a n t i t i e s o f water t o reduce con-
v e c t i o n , and q u i t e h i g h , and e x a c t l y r e p r o d u c i b l e , f r e e z i n g r a t e s , 
e . g . spontaneous f r e e z i n g o f supercooled s o l u t i o n s , i n i t i a t e d a t 
p r e c i s e l y c o n t r o l l e d tempera tures . Never the less , P i g . VI .10 dem-
ons t r a t e s t h a t t h e y can be reproduced t o w i t h i n an o r d e r o f magnitude 
t o each o t h e r . 
Conc lus ion , t h a t water always becomes p o s i t i v e l y 
charged w i t h respect t o i c e when the. Workman ajad Rejmolds E f f e c t 
predominates, o n l y app l i e s t o the samples o f water used i n the 
experimentSo I t was g e n e r a l l y true f o r a l l t he samples o f de-
m i n e r a l i s e d wa te r ob ta inab le on the Durham U n i v e r s i t y Science S i t e 
and i t was a lso t r u e f o r s i m i l a r samples o f d i s t i l l e d water and f o r 
Durham t a p - w a t e r ; but i n a l l cases a l i k e l y contaminant would be 
sodium c h l o r i d e , o r a t any r a t e the c h l o r i d e an ion . Workman and 
Reynolds (1950) and subsequent workers report t h a t water becomes 
p o s i t i v e l y charged on f r e e z i n g when sodium c h l o r i d e i s present i n 
a s s o c i a t i o n w i t h most c a t i o n s . T h i s i s not t o say t h a t the p r e s -
ence o f a d d i t i o n a l and d i f f e r e n t ions would not change the s i g n o f 
the charge s epa ra t i on but t h e i r e f f e c t was not i n v e s t i g a t e d i n these 
experiments s ince t h e y have been f u l l y c h a r a c t e r i s e d by o t h e r wor -
k e r s . On one occasion o n l y was a drop o f ammonia s o l u t i o n added 
t o a san?)le o f de -mine ra l i s ed water i n a brass f r e e z i n g c e l l . The 
amount o f ammonia added was s u f f i c i e n t t o make the m o l a r i t y o f the 
s o l u t i o n about 10 , but the a d d i t i o n o f t h i s amount o f ammonia 
113. 
d i d not change the s i g n o f the f r e e z i n g p o t e n t i a l . I t may 
have been t h a t a l l the ammonia was not i n a form s u i t a b l e f o r 
i n c o r p o r a t i o n i n t o the i ce l a t t i c e , because the s o l u t i o n dev-
eloped a s l i g h t l y blue caste , which i s d i a r a c t e r i s t i c o f so lu t i ons o f 
a Tuprammonium complex-ion. 
V I I I . 2. Poss ib l e A p p l i c a t i o n s o f the Resul ts t o Cloud 
E l e c t r i f i c a t i o n Phenomena. 
Great care must be exerc i sed i n app ly ing the conc lu -
s ions o f experiments on b u l k i ce and water t o cond i t ions i n c louds . 
I t i s , per i iaps, more reasonable t o expect the r e s u l t s t o apply t o 
the r e s u l t s o f l a b o r a t o r y experiments designed t o s imulate such 
c o n d i t i o n s and the reader o f t h i s t h e s i s w i l l be l e f t t o fo rm h i s 
own judgement o f how f a r i n d i v i d u a l l a b o r a t o r y simxilat ions can be 
a p p l i e d t o c louds . 
V I I Z . 2 ( a ) The e l e c t r i f i c a t i o n o f s imula ted h a i l s t o n e s . 
L e t us f i r s t consider the case o f a s imula ted ha i l s t one 
moving a t a speed equal t o the f r e e - f a l l value r e l a t i v e t o the 
sur rounding a i r . When the h a i l s t o n e i s a c c r e t i n g smal l supercooled 
wa te r d r o p l e t s t o g ive a r imed i c e su r f ace , the d r o p l e t s w h i d i 
c o l l i d e w i t h the h a i l s t o n e w i l l be f r e e z i n g spontaneously. Accord-
i n g t o Pruppacher (1967), the r a t e a t which i ce c r y s t a l s w i l l ^ r o w 
i n the imping ing d r o p l e t s i s o f the order o f tens o f m i l l i m e t r e s 
p e r second. T h e r e f o r e , f r o m Conclus ion ( i ) , we should expect the 
Workman and Reynolds E f f e c t t o predominate. However, the ha i l s tone 
w i l l not acquire a net charge u n t i l some o f the i ce o r water i n the 
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f r e e z i n g d r o p l e t becomes detached. Latham and Mason (196IB) 
report t h a t i c e s p l i n t e r s are l i k e l y t o be e j e c t e d under such 
c o n d i t i o n s . I f t he d r o p l e t s were composed o f de -mine ra l i s ed 
wa te r o f the type a v a i l a b l e i n Durham, we should expect the h a i l -
stone t o become p o s i t i v e l y charged and t h a t the s p l i n t e r s w i l l 
c a r r y away negat ive charge, Rogers (1967), i n experiments w i t h 
ice-spheres o f 15 nm diameter , supported on an sd r J e t , observed 
t h a t the ice-spheres became p o s i t i v e l y charged on a c c r e t i n g d rop -
l e t s whose temperature was below - 12°C. Th i s agrees w e l l w i t h 
the p r e d i c t e d s i g n o f charge s e p a r a t i o n . However, when these 
s imu la t ed h a i l s t o n e s were a c c r e t i n g d r o p l e t s whose temperature 
was above - 12°C, t h e y became n e g a t i v e l y charged. Rogers a t t -
r i b u t e d the negat ive charg ing t o the sp lash ing o f f o f s m a l l 
p o s i t i v e l y charged water d r o p l e t s produced by the s h a t t e r i n g o f 
f r e e z i n g d r o p l e t s on t h e h a i l s t o n e s u r f a c e . A l t h o u g h no d e t a i l s 
o f the a c c r e t i o n ra tes are g iven by Rogers t o c o n f i r m t h i s p r o p -
osa l , , the work o f Latham and Mason (1961B) suggests t h a t s p l i n t e r 
p r o d u c t i o n cont inues at a constant r a t e u n t i l the d r o p l e t temper-
a tu re r i s e s t o - 6°C, T h e r e f o r e , i t might be more realistic t o 
cons ider t h a t t h i s change i n s i g n i s a t t r i b u t a , b l e t o a change i n 
the mechanism o f charge s e p a r a t i o n a t h i ^ e r temperatures . At 
h i g h e r tempera tures , the Temperature Gradient Mechanism may predomin-
ate and under the i n f l u e n c e o f t h i s e f f e c t we should expect the i c e 
s p l i n t e r s t o be p o s i t i v e l y charged, l e a v i n g t h e h a i l s t o n e w i t h a 
net nega t ive charge, as f o u n d i n p r a c t i c e a t temperatures between 
- 10 and - 7°C. 
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Because the water d r o p l e t s used by Rogers were those 
n a t u r a l l y present i n the a i r stream and p robab ly not o f a h i g h 
degree o f p u r i t y , the agreement found between the p r e d i c t e d 
charge s epa ra t i on and the exper imenta l r e s u l t s i s p robably f o r -
t u i t o u s . However, i t i s l i k e l y t h a t the r e s u l t s o f workers us ing 
the same s o l u t i o n s as those used i n the experiments descr ibed i n 
Chapters V I and V I I should be e x p l i c a b l e i n terms o f the r e s u l t s 
ob ta ined i n these experiments . Church (1966), S t o t t and Hutch-
i n s o n (1965)* Evans and Hutchinson (19^3) conducted t h e i r r e sea rd i 
i n Durham and used water samples f r o m the same sources as those used 
i n the f r e e z i n g tube and f r e e z i n g c e l l s . The wa te r used by o the r 
workers may have conta ined d i f f e r e n t i m p u r i t i e s and the s ign o f the 
f r e e z i n g p o t e n t i a l s , which would have been ob ta ined i n t h e i r sassplea, 
i s u n c e r t a i n . 
Church (1966) i n v e s t i g a t e d the charge acquired by an i c e -
coated r o d when i t was w h i r l e d th rough a stream of supercooled 
wa te r d r o p l e t s w i t h diameters i n the range 50 t o 150 / " n . The sur -
f ace o f the rod became r i p p l e d and glassy and smal l d rop l e t s were 
f l u n g o f f . Under these cond i t ions the r o d became n e g a t i v e l y charged 
when t h e drx>plets were below 0 ° C . (See F i g . I V . 2 . ) He suggested 
t h a t the Workman and Reynolds E f f e c t was responsible f o r the obser-
ved charge separa t ion and h i s r e s u l t s agree w i t h the r e s u l t s which 
would have been p r e d i c t e d f r o m the f r e e z i n g c e l l experiments. He 
was unable t o e x p l a i n the r e d u c t i o n i n negative charging at low 
temperatures , a l though the p r o d u c t i o n o f spongy ice o r the e j e c -
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t i o n o f i c e s p l i n t e r s may be responsible. Church a lso noted 
t h a t the net charge separated was a maximum at a temperature o f 
- 3°C and t h a t the rod became p o s i t i v e l y charged when the d rop -
l e t s were a t temperatures above +2 ° C , I t i s p o s s i b l e t h a t t h i s 
l a s t o b s e r v a t i o n can be e x p l a i n e d i n terms o f t h e Temperature 
Gradient E f f e c t which was measured i n S e c t i o n V I . 4 ( c ) . When a 
waim d r o p l e t c o l l i d e s w i t h t h e c o l d r o d , i t w i l l f r e e z e much more 
s l o w l y t h a n the supercooled d r o p l e t s would have done, p a r t i c u l a r l y 
s ince the warm water w i l l be r u n n i n g over the i ce su r face i n the 
way t h a t warm water runs over t h e i c e su r face i n the f r e e z i n g c e l l s 
when t h e s t i r r e r i s opera ted . T h e r e f o r e , the Temperature Gradient 
Mechanism w i l l predominate aJid, s ince the r o d i s below 0 °C w h i l e 
i t s i c e d su r face i s a t 0 ° C , the i c e / w a t e r i n t e r f a c e w i l l be neg-
a t i v e l y charged w i t h respect t o the core o f the r o d . Some o f t h i s 
nega t ive charge w i l l be c a r r i e d o f f by sp lash ing d r o p l e t s , l e a v i n g 
the r o d w i t h a p o s i t i v e charge. 
The results o f Evans and Hutch inson (1963) and S t o t t 
and Hutch inson (1965), who also used water f r o m t h e Durham Science 
S i t e , can be exp l a ined q u a l i t a t i v e l y i n terms o f the Workman and 
Reynolds E f f e c t . T h e i r results i n d i c a t e d t h a t the wa te r i n t h e i r 
s i n g l e drop experiments became p o s i t i v e l y charged w i t h respect t o 
t h e i c e , d u r i n g f r e e z i n g . 
Kachur in and Bekryaev (196O) noted t h a t i ce became neg-
a t i v e l y charged w i t h respect t o wa te r , whereas the results o f 
Mason and Maybank (I96O) suggested t h a t the charge s e p a r a t i o n i s . 
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perhaps, i n t h e opposi te d i r e c t i o n . Th i s conc lus ion i s o n l y 
v a l i d i f i t i s assumed t h a t the ma jo r residues c o n t a i n more 
water than i c e and the minor res idues cons i s t ma in ly o f i c e . 
Workman and Reynolds( l 953) dropped water onto a c o l d h a i l s t o r m 
and, appa ren t l y , ob ta ined charge separat ions i n e i t h e r direc-r 
t i o n , depending on t h e i n ^ j u r i t i e s present i n the water . 
Another experiment on t h e e l e c t r i f i c a t i o n o f a c c r e t i n g 
h a i l p e l l e t s was performed by Latham and Mason (1961B). They 
we i^ endeavouring t o i n v e s t i g a t e the charging associa ted w i t h the 
growth o f s o f t h a i l p e l l e t s by measuring the e l e c t r i f i c a t i o n o f an 
a r t i f i c i s i l h a i l s t o n e which was c o l l e c t i n g supercooled water d rop-
l e t s . Latham and Mason r epo r t t h a t the f r e e z i n g of d rop le t s on the 
sur face o f the h a i l s t o n e caused i t t o become n e g a t i v e l y charged and 
W8LS accompanied by the e j e c t i o n o f sma l l i ce s p l i n t e r s . The charge 
separated was p r o p o r t i o n a l t o the r a t e o f s p l i n t e r p r o d u c t i o n , which 
i s what one might expect i f the charge i s be ing separated by the 
Temperature Gradient E f f e c t , b u t , e q u a l l y , i t i s one would expect 
i f i t was be ing separated by the Workman and Reynolds E f f e c t . The 
s i g n o f the charge sepa ra t ion i s opposi te t o what would be p r e d i c -
t e d f r o m my f r e e z i n g experiments w i t h d i s t i l l e d water i n Durham, 
but the same as t h a t found by Workman and Reynolds f o r d i s t i l l e d 
water i n New Mexico . Since the work o f Latham and Mason and 
Mason and Maybank was c a r r i e d out u s ing samples o f d i s t i l l e d water , 
p robab ly f r o m the same source, i n the atmosphere o f a l a r g e indus -
t r i a l c i t y , i t i s l i k e l y t o c o n t a i n ammonia, and, t h e r e f o r e , i t 
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would be expected t o g ive a charge s epa ra t i on such t h a t the 
water became negat ive w i t h respect t o the i c e , on r a p i d f r e e z i n g . 
T h e r e f o r e , the s i g n o f the charge s e p a r a t i o n alone i s not diagnos-
t i c o f a t e m p e r a t u r e - g r a d i e n t - d i r e c t e d s epa ra t i on o f charge. However, 
Latham and Mason heated the h a i l s t o n e w i t h r a d i a t i o n f r o m a t ungs t en 
lamp suid noted t h a t the charge s e p a r a t i o n ra te f e l l . U n f o r t u n a t e l y , 
t h i s t o o i s not conc lus ive p r o o f o f a charge s e p a r a t i o n mechanism 
governed by temperature g rad ien t s as we have a l r e a d y seen t h a t the 
Workman and Reynolds p o t e n t i a l s are a f u n c t i o n o f the f r e e z i n g r a t e , 
which must i t s e l f be governed t o a c e r t a i n ex ten t by the temperature 
d i f f e r e n c e . I n f a c t , t he f r e e z i n g ra tes i n these experiments would 
be more l i k e l y t o f a v o u r the Workman and Reynolds E f f e c t , r a t h e r t h a n 
the Temperature Gradien t E f f e c t , as the main charge s epa ra t i on process . 
Latham and Mason also no ted t h a t the a r t i f i c i a l h a i l s t o n e became pos-
i t i v e l y charged f o r h i g h a i r stream v e l o c i t i e s past the h a i l s t o n e . 
T h i s t h e y a t t r i b u t e d t o the t h r o w i n g o f f o f water d r o p l e t s f r o m drops 
which s h a t t e r e d on impac t . T h i s o b s e r v a t i o n t o o i s cons i s t en t w i t h a 
charge s epa ra t i on mechanism o p e r a t i n g on f r e e z i n g . However, i n t h i s 
case i t may be e i t h e r the Workman and Reynolds E f f e c t o r the Temper-
a ture Gradien t E f f e c t , because the wa te r i s moving relative t o the 
icejWhich can reduce t h e f r e e z i n g r a t e , as mentioned e a r l i e r . 
U n f o r t u n a t e l y , i t i s not p o s s i b l e t o e x p l a i n these results 
q u a n t i t a t i v e l y i n terms o f the Workman and Reynolds E f f e c t , because 
the f r e e z i n g p o t e n t i a l s which would have been preduced i n the f r e e z i n g 
c e l l by t h e i r samples o f wa te r are not known. The charge which would 
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be separated on f r e e z i n g a s o l u t i o n at a r a t e o f 10 m g""! ^ 
which produced a f r e e z i n g p o t e n t i a l o f 1 V i n the f r e e z i n g c e l l 
desc r ibed i n Chapter V I corresponds t o a charge separa t ion o f 
-8 
about 2 x 1 0 C per ml o f s o l u t i o n f r o z e n . This i s more t h a n 
adequate t o e x p l a i n the e l e c t r i c a l e f f e c t s descr ibed above, and, 
i f a n y t h i n g , t h i s represents an under-est imate o f the charge sep-
a ra ted i n the f r e e z i n g c e l l measurements. The charge which can be 
separated by water f l o w i n g over an ice surface i n the f r e e z i n g tube 
i s t h ree t o f o u r orders o f magnitude less than t h i s , which co r r e s -
ponds w e l l w i t h many o f the measurements o f the charge separated 
when wate r d r o p l e t s are sp lash ing o f f an i ce su r f ace . C l e a r l y , i t 
i s e s s e n t i a l t h a t f u r t h e r measurements are made t o compare d i r e c t l y 
the r e s u l t s ob ta ined on the b u l k f r e e z i n g o f i ce and water , and the 
f r e e z i n g o f supercooled d r o p l e t s on a s imula ted h a i l s t o n e . 
The charge sepa ra t ion processes i n v o l v i n g the presence o f 
bo th s m a l l i c e p a r t i c l e s and supercooled water d r o p l e t s are much 
more d i f f i c u l t t o i n t e r p r e t f r o m measurements o f b u l k e l e c t r i f i -
c a t i o n o f i c e and water , a n d , u n t i l a d e t a i l e d model o f the processes 
o c c u r r i n g i s produced, any explana t ions must be based on speculat ions 
w i t h o u t adequate s c i e n t i f i c back ing . The re fo re , at the present t i m e , 
i t i s u n r e a l i s t i c t o attempt t o e x p l a i n the r e s u l t s o f Reynolds, 
Brook and Gourley ( l957) and Magono and Takahashi (19^3) i n terms o f 
the r e s u l t s ob ta ined i n Chapters V I and V I I . 
V I H . 2 ( b ) The charge separated on m e l t i n g . 
I n S e c t i o n V I . 4 ( c ) , the e f f e c t o f s t i r r i n g the f r e e z i n g 
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s o l u t i o n s was desc r ibed . I t was noted t h a t Temperature Gradien t 
E f f e c t s p e r s i s t e d when m e l t i n g o f the i c e su r face was o c c u r r i n g . 
Th i s may be s i g n i f i c a n t i n the e l e c t r i f i c a t i o n o f m e l t i n g h a i l . 
I f a l a r g e , c o l d h a i l s t o n e f a l l s i n t o an area o f a c l o u d below 
the 0 °C i so the rm, i t s o u t e r sur face w i l l become warmed and beg in 
t o m e l t . I f d r o p l e t s are f l u n g o f f i t s su r face w h i l e the core o f 
the h a i l s t o n e i s s t i l l below 0 ° C , t h e y w i l l c a r r y away net negat ive 
charge l e a v i n g the h a i l s t o n e w i t h a p o s i t i v e csharge. The relative 
e f f i c i e n c j y o f t h i s proposed mechanism o f charge s epa ra t i on compared 
w i t h t h a t o f the D inge r and Gunn E f f e c t w i l l depend on the heat 
c a p a c i t y o f the h a i l s t o n e and t h e m e l t i n g r a t e . The charge separ-
a t i o n noted by Rogers (1967) was opposi te t o t h i s and i t i s p o s s i b l e 
t h a t h a i l s t o n e s o f the s ize used by Rogers were warmed comple te ly 
t o 0 ''c be fo re d rop l e t s were f l u n g o f f . A l t e r n a t i v e l y the D i n g e r 
and Gunn E f f e c t , which charges the m e l t - w a t e r r e l a t i v e t o the a i r , 
was p redomina t ing . C l e a r l y , f u r t h e r l a b o r a t o r y work i s required 
on the e l e c t r i f i c a t i o n o f m e l t i n g h a i l . 
V I I o 3o The E l e c t r i f i c a t i o n o f M e l t i n g Snow on the Ground, 
I n t h i s case, b o t h the Temperature Gradien t E f f e c t and 
the D i n g e r and Gunn E f f e c t w i l l be a c t i n g i n the same d i r e c t i o n 
and i t i s p o s s i b l e t h a t bo th were c o n t r i b u t i n g t o the e l e c t r i f i -
c a t i o n over r a p i d l y m e l t i n g snow de t ec t ed by Bent and Hutchinson 
(1965). I n view o f the unusual atmospheric c o n d i t i o n s p r e v a i l i n g 
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at the t ime of t h e i r measurements, t he re i s , perhaps, scope 
f o r a l a b o r a t o r y experiment t o s imula te the cond i t i ons t o 
examine t h e r e l a t i v e c o n t r i b u t i o n s o f the two e f f e c t s . 
These conclusions show the l i m i t s t o which the 
r e s u l t s descr ibed i n Chapter V I and Chapter V I I may be a p p l i e d . 
I n o rder t h a t more d e t a i l e d p r e d i c t i o n s o f the e l e c t r i f i c a t i o n 
processes i n clouds may be made, f u r t h e r experiments w i l l be 
necessary. ; Some suggestions f o r poss ib le experiments are put 
f o r w a r d i n i p h a p t e r I X . 
CHAPTER I X . 
Suggestions f o r F u r t h e r Work 
The i r r e p r o d u c i b i l i t y o f the f r e e z i n g p o t e n t i a l s , 
desc r ibed i n Chapter V I , shows t h a t c o n d i t i o n s w i t h i n the 
i c e / w a t e r i n t e r f a c e cou ld be p r o f i t a b l y i n v e s t i g a t e d . The 
e f f e c t on the f r e e z i n g p o t e n t i a l s o f va r ious hydrogen bonding 
s o l u t e s , e . g . a l coho l s and amines, might a l l o w f u r t h e r c o n c l u -
s ions t o be drawn on the charge sepa ra t ion mechanisms. Such 
work i s more i n the p rov ince o f the p h y s i c a l chemis t ry o f 
so lven t systems and c o u l d p robab ly be i n v e s t i g a t e d more 
p r o f i t a b l y i n a p h y s i c a l d i e m i s t r y l a b o r a t o r y . However, the 
results migjht allow q a a n t i t a t i v e p r e d i c t i o n o f the f r e e z i n g 
p o t e n t i a l s w h i d i might be ob ta ined w i t h a g iven s o l u t i o n . 
Because no at tenipt has been made t o s imula te c o n d i t i o n s 
which are known t o e x i s t i n c louds , t h e r e s u l t s o f t h e exper-
iments desciribed i n Chapters V t o V I I shou ld no t be a p p l i e d 
d i r e c t l y t o c l o u d phenomena. Consequent ly , i t wou ld be o f l i t t l e 
use t o propose experiments t o i n v e s t i g a t e p a r t i c u l a r aspects o f 
c l o u d e l e c t r i f i c a t i o n . However, t h e results case some doubt on 
the v a l i d i t y o f some o f the exp lana t ions f o r e l e c t r i f i c a t i o n o f 
i c e emd water i n experiments designed s p e c i f i c a l l y t o s imula te 
c o n d i t i o n s i n c louds , and so i t i s i n t h e f i e l d o f s i m u l a t i o n s 
t h a t f u r t h e r experiments need t o be done. The e l e c t r i f i c a t i o n 
o f an i ce - sphe re , a c c r e t i n g wa te r d r o p l e t s whose temperatures 
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Vfiuy over a wide range, should be i n v e s t i g a t e d i n a s soc i a t i on 
w i t h measurements o f the f r e e z i n g p o t e n t i a l s o f the b u l k water 
sample f r o m which the d r o p l e t s are t o be produced. I t appears 
t h a t the a c c r e t i o n r a t e s , the f r e e z i n g r a t e s , the ice=sphere 
temperature and the c o n f i g u r a t i o n o f the a i r - f l o w around the 
sphere may be o f in5)ortance i n de te rmin ing the e l e c t r i f i c a t i o n 
o f the sphere and, i f p o s s i b l e , t h e i r e f f e c t on the net charge 
separated should be examined so t h a t the r e l a t i v e c o n t r i b u t i o n s 
o f t he Workman and Rejmolds E f f e c t and the Temperature Gradient 
E f f e c t t o the e l e c t r i f i c a t i o n can be es t imated . 
A l a b o r a t o r y i n v e s t i g a t i o n o f the c o n t r i b u t i o n o f 
temperature g rad ien t s t o the e l e c t r i f i c a t i o n on m e l t i n g o f 
h a i l and t h e e l e c t r i f i c a t i o n o f f a l l i n g and l y i n g snow might 
a lso l e a d t o a f u l l e r unders tanding o f the problems posed by the 
d i sc repanc ies between the f i e l d and l a b o r a t o r y measurements o f 
MaoCready and P r o u d f i t (1965)* and t o a q u a n t i t a t i v e exp lana t ion 
o f the e l e c t r i c a l e f f e c t over a r a p i d l y m e l t i n g snow surface 
which was observed by Bent and Hutchinson (19^5). 
Since any e l e c t r i c s i l charge sepa ra t ion d i r e c t l y a t t r i b -
u t a b l e t o the mo t ion o f water over an ice sur face appears t o be 
s m a l l compared t o the charge separated by the Workman and Reynolds 
E f f e c t and the Temperature Gradient E f f e c t , i t does not l ook as 
though t h i s process w i l l be o f impprtance i n separa t ing e l e c t r i c 
ciharge i n c l o u d s . T h e r e f o r e , t h e r e shou ld be no need t o i n v e s -
t i g a t e such an e f f e c t f u r t h e r i n t h i s c o n t e x t . 
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The results o f the experiments i n t o the e l e c t r i f i c a t i o n 
o f i c e and water show t h e need f o r wa te r o f a higjh degree o f 
p u r i t y as a s t a r t i n g p o i n t f o r a l l e l e c t r i f i c a t i o n experiments 
w i t h i c e and wa te r . I t i s recommended t h a t t h e water should be 
d i s t i l l e d f r o m a permanganate s o l u t i o n , t h a t i t should be de-
i o n i s e d th rough new c a t i o n i c and a n i o n i c ion-exchange resins 
and t h e n passed th rough a "mixed-bed" resin be fo re use. I f 
necessary i t shou ld t h e n be re-distilled i n a p y r e x , o r a 
m e t a l l i c , s t i l l and i t s c o n d u c t i v i t y and pH ciiecked and rec-
orded be fo r e use. 
AFPEM)IX 1, • 
The Vibrating^reed Electrometer. 
The ECKO vibra t i^g- repd electrometer, type N 6 I 6 B , 
i s intended p r i m a r i l y f o r the measurement of very small currents 
i n the rainge 10 to 10 amps from ion i sa t ion chambers but i t 
may also be used f o r ' measuring currents and voltages from other 
sources. 
The instrument comprises an electrometer head uni t and 
an ind ica to r un i t coupled together by cables. The sealed and 
, c 
dessicated head un i t contains three input res is tors wi th a push 
button selector switch, a v ib ra t ing reed type dynamic capacitor 
and an AoC. a m p l i f i e r w i th a cathode fo l lower . The indicator uni t 
houses the remainder of the electronics and controls . 
The input current i s passed through a known res is tor , when 
the selector switch i s i n the "Ion Chamber" pos i t ion , or i s allowed 
to b u i l d up a charge on the capacitor, when the selector switch i s 
i n the "Voltage" p o s i t i o n . The instrument then measures the v o l t -
age across e i ther the r e s i s to r or the capacitor. The voltage i s 
applied to the modulator, the capacity of which i s changed cyc l i c -
a l l y at a frequency of approximately 450 hz, thus producing an A.C. 
s ignal proport ional to the D.C. voltage across the capacitor. The 
A.C, voltage i s an?)lified and r e c t i f i e d , the resultant D.C. voltage 
being s u f f i c i e n t to drive a meter and recorders. Overall feed-
back i s provided to give gain s t a b i l i t y . 
For the experiments described i n t h i s thesis the source 
iii5)edance was less than 10 times the biggest i r^ ju t r e s i s to r and, 
therefore , the "Voltage" range was used. Any one of the three 
input r e s i s t o r s , 10^, 10''^ or l0^^cQ> could be connected between 
the input and earth t o shunt the applied vol tage, or the Open 
C i r c u i t pxish but ton on the head un i t could be selected i n which 
the shunting r e s i s t o r was the leakage resistance of the u n i t to 
earth; under idea l conditions t h i s should be around lO^^cf^ . 
The normal maximum f u l l - s c a l e de f l ec t i on i s f o r an input 
o f 1 V but the meter can be switched t o read a f u l l - s c a l e , def lec-
t i o n of 300, 100, 30, 10 or 3 mV. With t h i s "Range" switch i n the 
"Check" p o s i t i o n , voltages up to 3V can be measured and i f a "back 
o f f " voltage i s applied t o the c a l i b r a t i o n socket on the f r o n t , 
voltages o f up to 100 V can be measured. 
APPENDIX 2 c 
The E f f e c t of Low Temperatures on Solder. 
Sof t solder i s an a l l oy of t i n and lead i n the 
proportions 3^o t i n and 6/^0 lead. However, t i n has three 
c r y s t a l l i n e modif icat ions , c/. - T i n is a non-metallic, 
low density form wi th a diamond s t ructure , - T i n and 
1^  - t i n are both meta l l i c forms w i t h close-packed arrange-
ments of the atoms. The t r ans i t ions are:-
1 3 . 2 ° C 161°C 232°C 
oC = Sn , p - Sn ^ ^ T - Sn ^ , Sn l i q u i d . 
C lea r ly , the most stable form of t i n below 1 3 °C i s 
the non°meta l l i c <X - t i n . However, the rate of t r a n s i t i o n of 
y3 - t i n t o oC- t i n i s very slow at temperatures above 0 °C, 
and as temperature f a l l s , so the rate of t r a n s i t i o n increases. 
Therefore, at low temperatures, even well-soldered j o in t s w i l l 
become dry and b r i t t l e . 
I n order to ensure good e l e c t r i c a l and mechanical j o in t s 
at low temperatures, s i l v e r solder, which contains no t i n , has 
been used throughout i n the construction of the apparatus descr-
ibed i n t h i s thes is . 
APPENDIX 3 . 
The Results of the Perspx Tube Experijnents. 
The graphs of voltage against time f o r the perspex 
tube experiments described i n Chapter V. Section V. 3 ( h ) . 
The electrometer i i ^ u t was not shunted and the 
voltages were n^asured between the ends of the tube using 
matched, brass electrpdes. The same sample of de-mineralised 
- 3 - 1 
water was used i n a l l csuses, A recorder speed of 1 0 m s 
was used. 
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APPEM)IX ko 
The Results of the Freezing C e l l Experiments. 
The g r^ h s of voltage against tijne f o r the freezing 
c e l l experiments described i n Chapter V I . Section V I . 4 ( b ) 
The electrometer input was shunted wi th a 1 
r e s i s to r w i t h the selector switch i n the "Voltage" pos i t ion . 
The same sample of de-mineralised d i s t i l l e d water was used 
f o r a l l the runs. A recorder speed of 10 m s"^  was used. 
I n i t i a l Conduct ivi ty of Solut ion = 1 . 5 5 5 x lO'^cfb'V"'^ 
pH o f so lu t ion = 5 « 8 
at 1 0 . 1 5 hrs B.S.T. on 2 5 / 2 / 6 9 . 
Run ( 1 ) . 
Tine of s t a r t i n g = 1 3 . 5 8 hrs B.S.T. 2 5 / 2 / 6 9 , 
Time. Ice Freezing Anti-f reeze Potenti< 
thickness rate Temperature, D i f f e r e i 
(s) (mm) (yam s""") ( ° c ) (V) 
0 0 - 1 6 . 3 
2 2 , 0 0 , 5 9 0 , 1 8 
2 6 . 8 0 . 7 2 3 5 . 6 0 . 1 9 
3I0O 0.91 - 1 9 . 5 0 . 1 9 
3 9 o 8 1.19 28 .8 - 2 0 , 0 0 . 2 0 
4 9 . 4 1 . 4 4 - 2 0 . 1 0 . 2 0 
6 1 . 2 1 . 7 6 2 7 . 3 - 2 0 . 2 0 , 2 2 
6 8 . 1 1 . 9 5 - 2 0 . 2 0 . 2 2 
8 1 . 0 2 . 2 0 2 4 . 5 - 2 0 . 3 0 . 2 4 
8 9 . 7 2 . 4 8 ' - 2 0 . 3 0 . 2 6 
1 0 2 . 0 2 . 7 5 2 1 . 2 - 2 0 . 4 0 .28 
1 1 4 . 2 2 . 9 9 - 2 0 , 4 0 . 2 6 
1 2 7 . 9 3 . 2 4 2 0 . 9 - 2 0 . 2 0 , 2 0 
1 3 8 . 1 3 o 4 9 - 2 0 . 2 0 , 2 0 
1 5 4 . 3 3 . 7 4 1 9 . 3 - 2 0 . 1 0 , 2 1 
1 6 4 . 0 3 . 9 9 - 2 0 , 1 0 , 2 2 
on s t i r r i n g -0". 1 0 
Run ( 2 ) . 
Time of s t a r t i n g = I 2 f . l 6 hrs B.S.T. 2 5 / 2 / 6 9 . 
Tinte loe 
thickness, 
Freezing 
r a t e . 
Ant i - f reeze 
temperature 
Po t en t i a l 
Di f fe rence , 
(s) (mm) (°c) (V) 
0 0 
39.0 0.59 0 . 1 9 
A4.0 0 . 7 2 2 3 . 7 0.18 
5 2 . 5 0.91 0.18 
59.6 1.19 2 3 . 8 0.21 
74.8 1.44 -19.0 0 . 2 6 
8 7 . 0 1 . 7 6 2 1 . 4 -19.0 0 . 3 2 
98.6 1.95 - 1 9 . 0 0.37 
1 1 1 2.20 22.6 - 1 9 . 0 0.39 
122 2.48 - 1 8 . 7 0 . 4 0 
140 2.75 1 7 . 7 - 1 8 . 9 0 . 4 1 
1 5 0 . 8 2.99 - 1 8 . 5 0.39 
1 7 2 . 2 3 . 2 4 1 3 . 1 - 1 8 . 4 0 . 4 0 
189 3.49 - 1 8 . 4 0.35 
206.5 3.74 1 6 . 9 - 1 8 . 3 0 . 3 0 
218 3.99 - 1 8 . 3 0 . 2 3 
on s t i r r i n g -0.08 
Run ( 3 ) . 
Time of s t a r t i n g - on 2 5 / 2 / 6 9 . 
Tim© Ice Freezing Ant i - f reeze Potent ia l 
thickness Rate Teniperature Differencf 
{am) ( °c) (V) 
0 0 - 1 6 . 0 
31 0.59 0.35 
34 0 . 7 2 3 2 . 0 0.40 
4 1 0.91 0 .33 
5 1 1 . 1 9 20.0 - 1 8 . 3 0 . 2 4 
6 7 . 5 1 . A 4 - 1 8 . 3 0.28 
8 1 1 . 7 6 2 1 . 9 - 1 8 . 4 0 . 4 1 , 
9 0 . 8 1.95 - 1 8 . 3 0 .42 
106.9 2.20 1 8 . 2 - 1 8 . 3 0.43 
120 2 . 4 8 - 1 8 . 3 0.53 
1 3 6 . 7 2 . 7 5 1 7 . 0 - 1 8 . 2 0 . 5 8 
152 2 . 9 9 -18.2. 0 . 5 7 
1 6 8 . 0 3.24 l6.7 - 1 8 . 1 0 . 5 8 
182.0 3.49 - 1 8 . 0 0 . 5 2 
201 3.74 11.0 - 1 7 . 8 0 . 5 0 
2 2 7 3.99 - 1 7 . 7 0 . 4 2 
on s t i r r i n g -0.075 
Run ( 4 ) . 
Time o f s t a r t i n g = 15.17 hrs B.S.T. 2 5 / 2 / 6 9 . 
Time Ice Freezing, Ant i - f reeze Po t en t i a l 
thickness rate temperature. D i f f e rence , 
(s) (mm) sT^) (o c) (V) 
0 0 - 1 7 . 0 
1 6 . 0 0 . 5 9 0 . 5 0 
21 0 . 7 2 2 6 . 2 - 1 8 . 0 0 , 8 + 
28.2 0 , 9 1 0 . 8 + 
3 6 . 0 1 . 1 9 2 4 . 3 0 . 8 + 
5 0 1 . A 4 0 , 7 0 
6 1 1 . 7 6 2 4 . 3 - 1 8 . 1 0 . 8 + 
71 1 . 9 5 - 1 8 . 2 0 . 7 8 
8 4 . 0 2 , 2 0 1 8 . 9 - 1 8 . 1 0 . 8 + 
9 9 2 . 4 8 - 1 8 , 0 0 . 7 0 
1 1 4 2 . 7 5 1 7 . 0 - 1 8 , 0 0 . 7 0 
1 2 9 2 . 9 9 - 1 7 . 9 0 . 6 0 
1 4 7 3 . 2 4 1 4 , 7 - 1 7 o 8 0 , 6 0 
1 6 3 3 . 4 9 - l 7 o 7 0 . 5 5 
1 8 4 3 . 7 4 1 3 . 1 -17.6 0 , 5 0 
2 0 1 3 . 9 9 
on s t i r r i n g 
- 1 7 . 4 0 . 5 5 
-Q,.06 
Run ( 5 ) . 
Time of s t a r t i n g = 1 6 , 3 8 hrs B.S.T. 2 5 / ^ 6 9 , 
Time Ice Freezing Anti-Preeze Poten t ia l 
Thickness, Rate, Temperature d i f f e r e n t 
(3) (mm) ( / im s"'') ( 0 C) (V) 
0 0 - 1 6 
2 4 . 1 0 , 5 9 1 . 0 0 
28 .2 0 , 7 2 2 4 . 8 - 1 7 . 4 1 .3 + 
3 7 0 , 9 1 1 .3 + 
5 0 1.19 2 5 . 5 1 .3 + 
5 7 . 8 1 . 4 4 - 1 8 . 0 1 . 3 + 
7 0 . 0 1 . 7 6 2 3 . 2 1 . 3 + 
7 9 . 8 1 . 9 5 1 . 3 + 
9 4 . 6 2 . 2 0 1 9 . 6 - 1 8 . 4 1.3 
1 0 6 , 8 2 . 4 8 1 .2 
1 2 2 , 3 2 . 7 5 1 6 , 4 - 1 8 . 3 • 1.1 
1 3 7 2 . 9 9 - 1 8 . 2 1 . 0 
1 5 4 3 . 2 4 1 7 . 9 - 1 8 . 0 0 . 9 
1 6 5 3 . 4 9 - 1 8 . 0 0 . 9 
1 8 6 3 . 7 4 1 3 . 6 - 1 7 . 9 0 . 8 
2 0 1 . 8 3 . 9 9 - 1 7 . 7 0 . 7 5 
on s t i r r i n g - 0 . 0 9 
Run ( 6 ) 
Time of s t a r t i n g = 1 6 . 5 3 hrs B.S.T. on 2 5 / 2 / 6 9 , 
Time Ice Pi^eezing Ant i - f reeze Po t en t i a l 
Thickness Rate. Temperature Di f fe rence . 
(s) (mm) (yun s""*) ( ° c ) (V) 
0 0 - 1 5 . 5 
2 5 0 . 5 9 0 . 5 0 
28 0 . 7 2 2 6 . 7 - 1 6 . 8 1 . 0 0 
3 7 0 . 9 1 1 , 0 0 
49 1 . 1 9 2 . 5 2 0 , 9 8 
5 8 1.i44 - 1 7 . 0 0 . 9 5 
7 2 1 . 7 6 2 3 . 1 - 1 7 . 0 0 , 7 0 
80.1 1 . 9 5 - 1 7 . 0 0 . 3 5 
9 6 . 9 2 , 2 0 2 0 . 0 - 1 7 . 0 . 0 . 3 0 
1 0 6 . 6 2.48 - 1 6 . 8 0,40 
1 2 4 . 7 2 . 7 5 1 8 . 0 - 1 6 . 7 0 , 4 0 
1 3 5 2 , 9 9 - 1 6 . 6 0 . 4 0 
1 5 5 . 0 3 . 2 4 1 6 . 1 - 1 6 . 5 0 , 4 0 
1 6 6 3 . 4 9 - 1 6 . 4 0 . 4 0 
1 8 8 . 2 3 . 7 4 1 5 . 2 - 1 6 . 3 0 , 4 2 
1 9 9 3 . 9 9 - 1 6 . 3 0 . 4 3 
on s t i r r i n g - 0 . 0 6 5 
(7)-
Time of s t a r t i ng = 1 7 . 1 0 hrs B.S.T. 2 5 / 2 / 6 9 . 
Tdjne. I c e , Freezing Anti-freeze Potent ia l 
Thickness Rate. Teniperature, Dif ference . 
(s) (mm) ( °c) (V) 
0 0 - 1 4 . 5 
3 8 0 , 5 9 , 0 . 2 
4 3 . 0 0 . 7 2 * 1 6 , 6 0 . 5 
5 7 . 3 0 . 9 1 - 1 5 . 2 0 . 9 2 
6 5 . 8 1 . 1 9 1 9 . 7 - 1 5 . 3 0 . 9 7 
8 4 . 2 1 . 4 4 
- 1 6 . 2 
. 1 . -0 
9 6 . 3 1 . 7 6 2 2 . 4 1 . 0 
1 0 7 1 . 9 5 - 1 6 , 2 1 . 0 
1 2 5 . 0 2 , 2 0 1 6 . 6 - 1 6 , 0 0 . 9 0 
1 3 9 2 , 4 8 - 1 6 . 0 0 , 9 0 
1 5 7 . 8 2 . 7 5 12 .8 - 1 6 , 0 0 , 8 7 
1 7 8 . 9 2 . 9 9 - 1 5 . 9 0 . 8 5 
1 9 3 . 6 3 . 2 4 1 6 . 8 - 1 5 . 8 0 ,80 
208 .7 5 . 4 9 - 1 5 . 7 0 . 7 5 
2 3 1 . 9 3 . 7 4 1 1 . 5 ^ 1 5 . 6 0.73 
2 5 2 3 . 9 9 - 1 5 . 5 0 . 6 5 
OA stirring -0 ,07 
K Freezing face completely covered w i t h ice, 
Time o f s t a r t i n g 
Run (8) 
1 7 . 2 8 hrs B.S.T. 2 5 / 2 / 6 9 . 
Time Iqe 
Thickness. 
(s) 
0 
3 9 
4 2 . 5 
5 5 . 3 
6 9 
8 3 . 7 
1 0 0 
1 1 6 
1 2 9 . 0 
1 4 2 . 2 
1 6 4 . 9 
1 8 0 . 4 
2 0 3 . 9 
2 1 6 . 6 
2 4 1 . 5 
2 6 4 . 3 
(mm) 
0 
0 . 5 9 
0 . 7 2 
0 , 9 1 
1 , 1 9 
1 . 4 4 
1 . 7 6 
1 , 9 1 
2 , 2 0 
2 , i + B 
2 . 7 5 
2 . 9 9 
3 . 2 4 
3 . 4 9 
3 . 7 4 
3 . 9 9 
Freezing 
Rate. 
(JjJSi a""") 
1 9 . 6 
1 8 . 7 
1 5 . 8 
2 0 . 2 
13 .4 
1 3 . 8 
1 0 . 5 
on s t i r r i n g 
Ant i - f reeze 
Temperature 
( ° c ) 
- 1 3 . 8 
- 1 5 . 5 
- 1 5 . 5 
- 1 5 . 6 
- 1 5 . 8 
- 1 5 . 7 
- 1 5 . 7 
- 1 5 . 6 
- 1 5 . 6 
- 1 5 . 5 
- 1 5 . 4 
- 1 5 . 3 
- 1 5 . 2 
- 1 5 . 1 
- 1 5 . 0 
Po ten t i a l 
Di f fe rence . 
(V) 
0.2 
0.5 
0 . 9 
0 . 9 
0 . 9 5 
1.0 
0 . 9 
0 . 9 
0 , 9 
0.85 
0.8 
0.8 
0.75 
0.7 
0.6 
-0,07 
H Freezing face completely covered w i t h i ce . 
Run (?) 
Time of s t a r t i n g = 1 0 , 2 0 hrs B.S.T. 2 6 / 2 / 6 9 . 
Time, Ice Freezing Anti-f reeze Poten t ia l 
Thickness. Rate Temperature. Difference. 
(s) (ran) ( /an s""") ( °c) (V) 
0 0 - 1 5 . 5 0,1 
2 4 , 8 0.59 0,5 
3 2 0 . 7 2 2 6 . 2 3.8 + 
37 0.91 - 3.8 + 
43.9 1 . 1 9 3.8 + 
1.44 2 7 . 3 3.8 + 
6 4 , 3 1.75 -20.0 3.8 + 
75.1 1.91 3.8 + 
87.9 2.20 20.4 3.8 + 
2.4fi -20.5 3.8 + 
112.4 2,75 3.7 
1 2 6 . 0 2,99 17.5 -20.4 3 . 5 
140.3 3 . 2 4 -20.2 3.2 
1 5 4 . 5 3.49 3.0 
1 7 2 3.74 11.5 - 1 9 , 7 3.0 
197.8 3,99 3.8 
on s t i r r i n g -0.22 
Run (10) 
Tims of s t cLTt ing = 10.40 hrs B.S.T. 26/2/69. 
Time, Ice Freezing Ant i - f reeze P o t e n t i a l . 
Thickness, Rate. Temperature, Dif ference , 
(s) (mm) ( °c) (V) 
0 0 -13.0 
20 0.59 3.2 
23 0.72 32.7 2.5 
29.8 0.91 1.95 
40.1 1.19 28.5 1.10 
48.4 1.44 -18.7 0.7 
58.9 1.76 28.0 0.85 
66.6 1.91 -19.0 0.90 
77.3 2.20 26.0 1.0 
87 2.4B -18.9 0.9 
102 2.75 23.2 -18.7 0.8 
109 2.99 -18.4 0.7 
124.2 3.24 20.0 -18,3 0.8 
134 3.49 -18.2 0.6 
152.5 3.74 16.9 0.6 
163.5 3.99 1.0 
on s t i r r i n g -0 .11 
Eun (11). 
Time of s t a r t i n g 11.00 hrs B.S.T, 26/2/69. 
Time. Ice 
Thicknesso 
Freezing 
Rate, 
Ant i - f reeze 
Temperature. 
Potent ia l 
Difference. 
(s) (ram) ( °c) (V) 
0 0 -15 4.2 
16 0.59 3.9 
19.1 0,72 39.0 3.2 
24.2 0.91 -17.5 1,6 
36.6 1.19 -17.7 0.9 
1.44 25.5 1.2 
54.2 1.76 -18.0 1.2 
65 1.91 1.2 
760 2 2,20 26.5 -18.1 1.15 
85 2.48 1.0 
98.2 2.75 20.4 -17.8 1,0 
110 2.99 1,0 
I22f.3 3.24 18.5 -17.4 0.8 
137 3,49 -17,0 1.0 
153.4 3.74 16.7 -16,8 1.0 
167 3.99 -17,0 1.0 
on s t i r r i n g -0.12 
Run (12) 
Time of s t a r t i n g = 12.04 hrs B.S.T. 26/^69. 
Tdjue Ice 
Thiokziess 
Freezing 
Rate. 
Ant i - f reeze 
Temperature. 
Po ten t i a l 
Di f fe rence . 
(s) (mm) ( ^ m s"'') ( (V) 
0 0 
15.5 0.59 5.6 
18.0 0.72 35.6 6 + 
24.5 0.91 -17.2 4.7 
32.5 1.19 27.5 3.4 
43.8 1.it4 1.8 
54.1 1.76 28.7 -18.0 1.2 
6i .6 1,95 -18.0 1.3 
73.6 2.20 24.5 -18.2 1.25 
83.2 2.48 -18,5 1.15 
97.7 2.75 20.4 -18.5 1.0 
108.2 2.99 -18.4 1.0 
121.2 3.24 20.3 -18.1 1.0 
132.8 3.49 -17.9 1.1 
148. 3.74 18.4 -17.5 1.1 
160 3.99 
on s t i r r i n g -0.10 
Run (13) 
Time of s t a r t i n g 14,10 hrs B.S.T. 26/2/69. 
Time. Ice Freezing Anti-f reeze Potent ia l 
Thickness, Rate, Temperature. Dif ference . 
(s) (mm) ( s "1) ( ° c ) (V) 
0 0 -15.5 
24 0.59 0.20 
31 0.72 17.8 0.50 
42 0.91 -17.0 4.8 
1,19 4.2 
71 1.it4 17.7 -17.5 3.6 
86.2 1.76 3.35 
100.9 1.95 -17.9 2.8 
117.3 2,20 15.8 -18.0 2.6 
134.4 2.48 -18.0 2.5 
150 2.75 13.2 -17.8 2.5 
173 2.99 2.5 
184.4 3.24 15.7 2.6 
204 3.49 -16.6 2.65 
227 3.74 11.1 -16.4 2.65 
249 3.99 -16.4 2.65 
on s t i r r i n g -0.10 
(14)» 
Time of s t a r t i n g 14.23 hrs B.S.T. 26/2/69. 
Time loe 
Thickness, 
Freezing 
Rate 
Ant i - f reeze 
Temperature, 
Po t en t i a l 
Dif ference , 
(s) (mm) ( °C) (V) 
0 
27 
34 
44.4 
61.2 
67.9 
82.5 
94.4 
109.5 
124.6 
m .3 
160,2 
180.1 
196.8 
220,2 
236.3 
0 
0.59 
0.72 
0.91 
1.19 
l . iA 
1.76 
1.95 
2.20 
2.2tB 
2.75 
2.99 
3.24 
3.49 
3.74 
3.99 
18.4 
22.6 
19,2 
17.5 
14.3 
13.7 
12.7 
on s t i r r i n g 
-14 
-16.2 
^16.2 
-16.2 
-16.3 
-16.4 
-16.4 
-16,4 
-16.0 
-16,0 
-15.9 
"15.7 
-15.5 
•15.5 
0.05 
0.20 
1.70 
1.50 
1.41 
1.43 
1.51 
1.55 
1.60 
1.60 
1.50 
1.41 
1.52 
1.60 
1.65 
-0.06 
Run (15). 
Time of s t a r t i n g = 14.38 hrs B.S.T. 26/2/69, 
Time. Ice 
Thickness 
(s) (mm) 
0 0 
0.59 
40.8 0.72 
49 0.91 
60.0 1.19 
74.7 1.44 
90.6 1.76 
106.2 1.95 
l25o3 2.20 
147.8 2.48 
164.4 2.75 
181.0 2.99 
204.5 3.24 
221.1 3.49 
249.0 3.74 
271.6 3.99 
Freezing 
Rate. 
-1 
Anti-freeze 
Temperature. 
( ^ m s-^) ( "0 
20.6 
16.2 
12.7 . 
15.4 
12.5 
9.90 
on s t i r r i n g 
-13.5 
-14.5 
-14.5 
^14.4 
-14.3 
-14.1 
-14.3 
-14.2 
-14.2 
-14.2 
-14,1 
-14.0 
-13.9 
-13.9 
Potent ia l 
Difference, 
(V) 
0.5 
0.20 
2.30 
2.28 
2.20 
2.10 
2.05 
2.03 
2.00 
2.05 
2.20 
2.20 
2.15 
2.15 
2.05 
-0.05 
K - Freezing face completely covered. 
Run (16) 
Time of s t a r t i n g 14.51 hrs B.S.T. 26/^69. 
Time, Ice 
Thickness, 
Freezing 
Rate, 
Antir-freeze 
Temperature, 
Po ten t i a l 
Di f fe rence . 
(s) (mm) ( ^ m s"'') ( ° 0 ) (vy 
0 0 -12,5 
26 0.59 0.20 
35 0.72 17.8 0.80 
44.0 0.91 1.95 
53.1 1.19 23.7 ^14.0 1.93 
66.3 ^olA 1.80 
83.2 1.95 -13.6 1.80 
94.5 1.95 -13.6 1.81 
113.3 2,20 13.1 -13.5 1.90 
135 2,48 -13.6 1.90 
154.6 2.75 14.5 -13.4 1.82 
170.2 2.99 -13.4 1.72 
191.7 3.24 12.6 -13.3 1.6fi 
209.8 3.49 -13.2 1.60 
235.0 3.74 10.6 -13.2 1.50 
257.1 3.99 -13.2 1.50 
on s t i r r i n g -0.04 
Run (17) 
Time of s t a r t i n g = 15.07 hrs B.S.T. 26/2/69, 
Time Ice 
Thickness. 
Freezing 
Rate 
Ant i - f reeze 
Temperature. 
Potent ia l 
Difference. 
( 3 ) (mm) ( ^ m s"^) ( ° c ) (V) 
0 0 -11.5 
35 0.59 -13.0 0.20 
40o5 0.72 22.5 -13.0 0.22 
49o2 0.91 -12.9 2.0 
63.1 1.19 16.2 -13.0 2.25 
81.9 -12.9 2.20 
95c2 1.76 16.5 -12.7 2.25 
112.8 1.95 -12.6 2.10 
132.7 2.20 13.7 -12.6 2.00 
15I06 2,48 -12,6 1.98 
171.8 2.75 13.7 -12.7 1.90 
188.7 2.99 1.85 
. 3.24 -12,7 1.83 
238 3.49 9.7 -12,7 2.00 
265.7 3.74 -12.7 2.00 
292.0 3.99 -12.7 1.80 
on s t i r r i n g -0.03 
Run (18). 
Time of s t a r t i n g = 14.27 hrs B.S.T. 27/V69. 
Time. Ice Freezing. 
Thickness. Rate 
( 3 ) (mm) ( ^ m s""") 
0 0 
25.2 0.59 
31 0.72 17.2 
43.8 0.91 
58,1 1.19 14.1 
81.3 1.44 
100.8 1.76 
1.95 
139.0 2.20 ' 13.8 
156.7 2.4B 
2.75 
202,2 2.99 10.9 
225,0 3.24 
249.1 3.49 
280.5 3.74 8.9 
305.4 3.99 
Anti - f reeze 
Temperature, 
Po ten t ia l 
D i f f e r e n t , 
on s t i r r i n g 
(°c) (V) 
1.0 
5.6 
-9.0 6 + 
6 + 
-9.1 6 + 
-9.2 5.4 
-9.3 4.7 
-9.3 3.8 
-9.5 2.6 
-9.5 2.0 
-9.5 1.7 
-9.5 1.7 
-9.5 1.6 
1.6 
1.65 
0 
Run (19) 
Time of s t a r t i ng = 14.49 hrs B.S.T. 27/2/69, 
Time Ice 
Thickness, 
Freezing 
Rate, 
Anti-freeze 
Temperature. 
Potent ia l 
Dif ference . 
(s) (mm) ( ^ m s""") ( °c ) (V) 
0 0 -9,0 
12.0 0.59 5.2 
16.8 0,72 14.2 4.8 
34,6 0.91 5.2 
45.5 1,19 25.7 -9.6 5.6 
56.2 1.i44 5.0 
73.0 1.76 16.6 4.2 
87 1.95 3.4 
109.1 2,20 2,75 
2.48 2.2 
149.4 2,75 13,5 -9.7- 2.1 
164 2.99 -9.7 2.1 
194 3.24 -9.7 2.0 
230 3.49 -9.7 1.95 
3.74 9.6 -9.7 1.90 
267 3.99 1.80 
on s t i r i dng -0.005 
Run (20) 
Time of s t a r t i n g = : 15.05 hrs B.S.T. 27/2/69. 
Time. Ice Freezing Ant i - f reeze Poten t i 
Thickness Rate. Temperature. D i f f e r e i 
(s) (mm) ( °c) (V) 
0 0 
18,0 0.59 5.6 
21 .4 0.72 32.7 -9.3 5.4 
27.8 0.91 4.3 
42.3 1.19 21.9 2.35 
52.0 1.44 2.15 
67.7 1.76 21.6 -9.7 1.0 
75.8 1.95 0.80 
91.4 2.20 17.0 -9.8 0,63 
107.0 2.48 ! -9.8 0,60 
129.3 2.75 16.5 -9.9 0.61 
138 2.99 -1.9 0.62 
165.9 3.24 10.0 ^10.0 0.63 
178.0 3.49 -10.0 0.70 
205.0 3.74 11.2 -10.0 0.80 
222.7 3.99 0.90 
on s t i r r i n g +0.005 
Run (21) 
Time of startir^g = 15.40 hrs B,S.T, ?7 /^69 . 
Time. Ice Freezing Anti-f reeze Potent ia l 
Thickness, Rate. Temperature. Difference 
(s) (nm) ( ^ m s"'') ( ° c ) (V) 
0 0 
12.0 0.59 5.4 
16.8 0.72 21.3 6,0 
27.0 0.91 5.8 
39.0 1.19 23,2 -10,1 4.2 
49.8 1.41^  2.8 
69.0 1,76 17.8 -10.0 1.1 
78.5 1.95 -10.0 1.1 
101,9 2,20 13.1 -10.0 1.05 
118 2,40 -10.0 1.1 
135.7 2.75 14.8 -10.0 1.15 
152.4 2.99 -10.0 1.2 
175.4 3.24 12.0 -10.0 1.2 
194.0 3.49 -10.0 1 .? 
215,4 3.77 11.4 -10,0 1.1 
237.8 3.99 
on St ir l ing Q 
F i n a l Conduct ivi ty of so lu t ion = 9.50 X lo'^ta 
•pH of so lu t ion = 6.8 
at 16.05 hrs B.S.' r , 27/^69. 
m 
APPENDIX 5. 
The Results of the Freezing Tube Experiments. 
The graphs of voltage against time f o r the freezing 
tube experiments described i n Chapter V I I . Section V I I . 2(c), 
The same sample of de-mineralised, d i s t i l l e d water 
was used f o r a l l the runs and i t was the same as those used 
f o r the f reez ing c e l l experiments described i n Chapter VI and 
set out i n Appendix 4 . A recorder speed of 10 m s""" was 
used. 
A l l the voltages a^ ^ recorded taking the value of the 
standing po ten t i a l across the tube, ju s t before the onset of 
f r eez ing , as zero. The po ten t i a l i s that of the upper electrode 
w i t h respect to the lower, earthed electrode. Normally the water 
flowed i n t h r o u ^ the lower, earthed female electrode, but, when 
reversed, i t entered the tube through the upper, male electrode. 
The ant i - f reeze so lu t ion normally entered the cooling jacket 
through the lower tube. 
Size of i n i t i a l Maximum size of Observations, 
peak. f i n a l , b r o a d peak. 
(mV) (mV) 
Run(l) -2 -42 i n i t i a l ice she l l 
appeared to melt 
completely and was 
then re-formed 
Run(2) +2 -25 dendrites grew out 
of the top of the 
tube when freezing 
commenced. 
Run(3) 0 -40 
Run(4) 0 -30 
Run(5) +9 -15 dendrites i n i t i a l l y 
grew out of the tube. 
A character is t ic 
supercooled Workman 
and Reynolds-type 
pote nt i a l -aga ins t - t ime 
graph was obtained, 
wi th a secondary peak 
minimum of +4 mV. 
Run(6) +5 -11 dendrites grew out of 
the top of the tube 
when f reezing commen-
ced. 
Size of i n i t i a l Maximum size o f 
peak (mV) f i n a l , b r o a d peak. 
(mV) Observations, 
Run(7) +3 -14 i n i t i a l l y dendrites grew 
out of the tube. The 
same water f low rate as 
i n Run(6) was used, 
Run(8) +7 -20 i n i t i a l l y dendrites grew 
out of the tube. The 
same water f low rate as 
i n Run( 6) was used. 
Run(9) +6 -10 the same water f low 
rate as Run(6) was 
used, but the a n t i -
freeze f low d i r ec t i on 
was reversed, 
Run(lO) +4 -7 water and ant i - f reeze 
di rec t ions noimal, but 
a very slow f reez ing 
rate was used. (Same 
water f low rate as 
Run (6 ) ) . 
Run( l l ) +7 +20 d i r e c t i o n of the 
water f low rate was 
reversed, 
Run(l2) +7 -25 d i r e c t i o n of water 
f l ow rate was i n i t -
i a l l y reversed and 
f i n a l l y normal. 
Run(l3) +4 0 d i r e c t i o n of water 
but going pos- flow rate was i n i t -
i t i v e . i a l l y normal and 
f i n a l l y reversed. 
(See also F i g . V I I . 9.) 
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